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ABSTRACT
This study investigated the minority carrier properties of wide and narrow bandgap
semiconductors. Included specifically are wide bandgap materials GaN and β-Ga2O3, and narrow
bandgap InAs/GaSb type-II strain-layer superlattice. The importance of minority carrier behavior
in bipolar device performance is utmost because it is the limiting component in current
conduction. The techniques used to determine minority carrier properties include electron beam
induced current (EBIC) and cathodoluminescence (CL) spectroscopy. The CL spectroscopy is
complemented with time-resolved CL (TRCL) for direct measurement of carrier radiative
recombination lifetime.
The minority carrier properties and effect of high energy radiation is explored. The GaN
TRCL results suggested an activation energy effecting carrier lifetime of about 90 meV which is
related to nitrogen vacancies. The effects of 60Co gamma radiation are demonstrated and related
to the effects of electron injection in GaN-based devices. The effects of various high energy
radiations upon Si-doped β-Ga2O3 minority carrier diffusion length and radiative lifetime are
measured. The non-irradiated sample thermal activation energies found for minority carrier
diffusion length were 40.9 meV, related to shallow Si-donors in the material. The CL results
demonstrate that the bandgap of 4.9 eV is slightly indirect. The thermal activation energy
decreased on 1.5 MeV electron irradiation but increased for 10 MeV proton irradiation. The
increase in energy was related to higher order defects and their complexes, and influenced
recombination lifetime significantly. Finally, the diffusion length is reported for narrow bandgap
InAs/GaSb superlattice structure and the effect of 60Co gamma radiation is demonstrated.

iii

In general, the defects introduced by high energy radiations decreased minority carrier
diffusion length, except for

60Co

gamma on AlGaN/GaN HEMT devices and high-temperature

proton irradiated β-Ga2O3.
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CHAPTER I – INTRODUCTION

“It is of great advantage to the student of any subject to read the original memoirs on that
subject, for science is always most completely assimilated when it is in the nascent state...”
–James Clerk Maxwell

1.1

Background

Semiconductor devices maintain major advantages in modern technologies including high
sensitivity, high-temperature, and high-power applications. In particular, it is common for narrow
and wide bandgap-based devices to be deployed in the radiation harsh environment of space. A
subset of semiconductor-based devices is utilized for their potential use in viewing the invisible
parts of the light spectrum (to humans). Therefore, the behavior of the electronic transport
properties of these materials is of practical interest. For this, we turn attention to the impact of
radiation on semiconductors with narrow bandgap, InAs/GaSb-based type-II strain layer
superlattices (T2SLS), and wide bandgap, GaN & β-Ga2O3. With a fabrication-tunable bandgap in
the mid-to-long wave infrared (IR), the primary and intended application of the T2SLS materials
is IR radiation detection. The usefulness of GaN-based devices is well established, with its
bandgap of 3.4 eV, it has near UV absorption and emission. While for the β-phase of Ga2O3, there
is a predicted bandgap of ~ 4.8-4.9 eV allowing for solar-blind UV detection. It has been previously
demonstrated in GaN that the effects of electron injection can positively impact device
functionality and, in fact, restore radiation-damaged devices [1].
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With its wide bandgap, β-Ga2O3 has been gaining attention recently due to the call for
high-power and high operating temperature devices. There are many phases of Ga2O3, namely
α-, β-, γ-, δ-, ε-, and κ-, with β- being the most stable and has a monoclinic crystal structure [2].
It is commonly described as a direct bandgap semiconductor with a bandgap of 4.8-4.9 eV,
allowing for solar blind ultraviolet detection (λcutoff ≃ 253 nm), useful for militaristic/fire detection
purposes and scientific research like stellar imaging. Until 2017 β-Ga2O3 was only available as ntype, but p-type conductivity has been verified, generating new possibilities for bipolar
optoelectronic devices and transparent conducting oxide-based devices [3]. The suitability of βGa2O3 for radiation harsh applications depends on its ability to withstand high energy radiation
over time.
For the InAs/GaSb T2SLS, bandgap tunability comes from the characteristic number of
monolayers (ML) of a given material in a period of the superlattice. For instance, a particular
T2SLS structure may consist of 8 ML of InAs followed by 8 ML of GaSb, at ~2.5 Å per ML we may
estimate ~ 3.2 nm per period, then repeated to the desired layer thickness. The carrier
concentration can be adjusted through doping to be n- or p-type. The tunability of the narrow
bandgap of InAs/GaSb-based T2SLS structures makes them attractive candidates for
implementation in infrared sensing devices.
Common of these two seemingly unlike materials is the potential deployment in radiation
harsh environments. Investigation of the effects of high energy radiation is therefore warranted
and necessary to determine material suitability. Gamma irradiation primarily induces ionization
defects but may also produce displacement damage. Heavy ions, like protons, more readily
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generate displacement defects. Studies of both types of radiation damage are needed to
separate the total ionization dose effects from the displacement effects.
Transport properties of minority carriers in bipolar devices are of vital importance.
Minority carriers can be thought of as the limiting reactant for the current reaction across a
junction. The decay lifetime, τ, describes how long it takes for an excited carrier to decay back to
an equilibrium state. The minority carrier diffusion length, L, describes the average distance an
excited minority carrier can travel before recombination. It can be useful in gauging how
damaged a material or device has become in response to irradiation, even for majority carrier
devices.
Investigations into the minority carrier diffusion length and excited carrier lifetime are a
subject of import due to their direct links to bipolar device performance. The importance of the
temperature dependence of these properties is twofold: first, potential applications may require
various temperatures due to environment or for device operation, second, it is possible to infer
further information about the occupiable energies in the material. It has been previously
determined that the effects of electron injection – sustained forward bias (solid state electron
injection), or by electron beam – can have a substantial effect in manipulation of minority carrier
diffusion length. It has been assumed that these results extend to minority carrier lifetime, but
this has yet to be directly demonstrated.
This chapter begins with a summary of types of luminescence, recombination pathways,
and high energy radiation. Followed by structural descriptions of GaN, β-Ga2O3 and InAs/GaSb
T2SLS along with estimations of available trap states. We then discuss the practical effects of
minority carrier diffusion length on bipolar device performance.
3

1.1.1 Types of Recombination & Luminescence
When carriers become excited, they can recombine radiatively or non-radiatively. Nonradiative recombination generally leads to phonon generation, which is not so easily measured.
Radiative recombination occurs when an excited charge decays into a lower energy state, the
transition energy is emitted as a photon. For direct bandgap semiconductors, the emitted photon
energy is near or equivalent to that of the bandgap. It is possible for an excited charge to decay
into a localized trap state in the forbidden band. Trap-assisted recombination, known as
Shockley-Reed-Hall recombination, can lead to wider spectral emission at wavelengths
representative of less than bandgap energy. Traps can remain occupied for varying lengths of
time depending on numerous factors including the origin (defect type) and local temperature [4].
It is necessary to take note of the timescales of luminescence. The regimes of luminescence are
generally divided into fluorescence for τ shorter than 10 ns, and phosphorescence with τ longer
than 10 ns. Thermally stimulated emission is referred to as thermoluminescence (TL), which is
the release of trapped charges due to thermal agitation. The decay times for TL processes can be
of extremely high order ~ years or better [4].

1.1.2 Types of High Energy Radiation
Throughout the manuscript, various forms of radiation are applied to materials. These
high energy radiations can be found in space, generally referred to as cosmic rays of yet
undetermined origin. Such high-energy particle radiation can be found to be concentrated in the
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van Allen radiation belts or upon elevated solar activity [5]. The radiation consists of (in order of
mass, lowest to highest) gamma, electron, proton, and alpha radiation.
Gamma (γ) radiation consist of high energy (5 keV < Eγ < 8 MeV).The term gamma-ray has
been conventionally defined as radiation emitted from a nucleic reaction in a radioactive decay
process. It is possible for x-rays to carry the same energy and are therefore indistinguishable from
gamma-rays if the source is unknown. Therefore, the results of gamma irradiation in fact apply
to high-energy photons of similar fluence and energy, and are not specific to photons of a specific
source. Hence, throughout this text, gamma-ray will refer to photons with energy in the range 5
keV < Eγ < 8 MeV. The types of defects generated by gamma-rays are displacement and ionization
defects, and tend to generate Compton electrons, internally flooding the material with high
energy electrons. Due to the small cross-section of these photons, the dose from gamma-rays is
more uniform throughout a volume.
Electron (e-) radiation consists of high energy electrons (Ee > 100 keV). High energy
electrons native to various Earth orbits carry a range of energies exceeding 2 MeV and reaching
relativistic speeds due to the small mass of electrons, me. Electron irradiation can lead to
displacement defects and ionization defects. The proportion of which types of defects generated
depends on the incoming energy. Energetic electrons found in orbit and those from cyclotron
differ only in source and energy. The electrons used in electron irradiation are indistinguishable
from any other electron.
Proton (p+) radiation consists of high energy protons (Ep > 100 keV). With a particle mass
~1,833 times larger than that of electron, these ions can generate displacement defects in
materials. Ionization defects can be generated also, but to a lesser degree due to the inflated
5

particle mass. The effective penetration depth of proton radiation depends on energy but is not
as uniform as that of gamma or electron irradiation.
Alpha (α) radiation consists of high energy alpha particles (Eα > 100 keV). Alpha particles
are bosons and can be described as fully ionized Helium nuclei. Most natural sources of alpha
decay release particles in the 3 to 7 MeV energy range. With nearly four times the mass of a
proton, the magnitude of achievable velocities for alpha particles is substantially lower than for
other particle radiations. As such, high energy alpha radiation tends to generate displacement
defects at a reduced skin depth.
To observe the impact of these radiations, artificial sources of radiation have been
employed throughout the manuscript. Aside from energy and source, these radiations are
presumably indistinguishable from their cosmic counterparts.

1.2

Structural overview of GaN, β-Ga2O3 and InAs/GaSb (T2SLS)

Semiconductor elements are commonly crystalline, and their crystal structure can be of
significant interest. It has been demonstrated that radiation hardness of materials depends
roughly on inverse lattice constant [6]. Crystallographic anisotropy can lead to anisotropy of
other characteristics like electric or thermal conduction, and influence photo absorption or
emission polarities.

1.2.1 Gallium Nitride
Gallium nitride, GaN, is a III-V semiconductor which has been used in devices since the
mid-1990’s, and is commonly employed in light-emitting diodes (LEDs) and AlGaN/GaN-based
6

devices, such as high electron mobility transistors (HEMTs). GaN can be produced by several
methods including molecular beam epitaxy (MBE), hydride vapor phase epitaxy (HVPE), and
metal organic chemical vapor deposition (MOCVD). The crystallographic structure of GaN has
been well-characterized and is known to be wurtzite with tetrahedral coordination. The lattice
constants for GaN are a = 3.186 Å, and c = 5.186 Å.
The electronic bandgap of GaN is about 3.4 eV, making it an ideal material for producing
near-UV LEDs and sensors. The percent content of aluminum vs gallium in AlxGa1-xN predictably
controls the bandgap linearly from 3.4 (for x = 0) to 6.2 (for x = 1.0) eV [7]. GaN is naturally ntype, but can be made p-type via doping.

1.2.2 Gallium Sesquioxide
The β- phase of gallium sesquioxide, β-Ga2O3, is the most thermally stable. Annealing up
to 750 – 900 °C of other phases of Ga2O3 lead to formation of β-Ga2O3 on cooling. The thermal
stability of the β- phase allows for production via melt crystallization or vapor phase epitaxial
methods. The crystallographic structure is monoclinic in nature and resides in the C2/m space
group as verified by X-ray diffraction (XRD) techniques [2]. A unit cell has two inequivalent Ga
sites, tetrahedrally coordinated Ga(I) and octahedrally coordinated Ga(II), and three inequivalent
O sites, O(I), O(II), and O(III). The lattice constants for β-Ga2O3 are a = 12.214, b = 3.0371, and c =
5.7981 Å.
With a nominal bandgap of 4.8-4.9 eV, is generally transparent with a slight bluish hue
generally depending on carrier concentration. β- has been investigated more frequently than
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other phases, and depending on defect type and concentration, and unintentional dopant levels,
can be produced as n-type, or p-type as recently demonstrated [3].

1.2.3 InAs/GaSb Type II Strain-Layer Superlattice
The superlattice is a composite structure composed of repeating periods of binary
material layers. Both Indium arsenide, InAs, and gallium antimonide have zincblende crystal
structure while the former has a bandgap of 0.354 eV and lattice constant a = 6.058 Å while the
latter has a bandgap of 0.726 eV and lattice constant of a = 6.1 Å. A mismatch of Fermi levels in
InAs and GaSb is utilized to create a pseudo quantum well structure, which is repeated numerous
times. Similarities in the crystal structure and lattice constants of InAs and GaSb allow for strain
compensation or enhancement depending on terminating atoms in the binary pairs during
production [8]. The low number of MLs typically used in a single period (1-20 ML / period)
prevents the binaries from attaining their bulk characteristics and instead forms a composite
material.
The bandgaps of the T2SLS has been successfully demonstrated to be production-tunable
from 3-30 µm, including two of the terrestrially transparent spectral windows, mid-wave infrared
(MWIR) from 3-5 µm, and long-wave infrared (LWIR) from 8-12 µm [9]. Their layered structure
forces an anisotropy, due to the surface roughness and electronic differences of the InAs and
GaSb layers, along the growth direction.
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1.3

Trap States in GaN, β-Ga2O3, and InAs/GaSb T2SLS

With energy levels within the forbidden band, some allowable states act as carrier traps.
Trap states can have origins related to defects in the material (vacancies, interstitials, antisites,
or complexes like Frenkel pairs) which can be native or induced, or the presence of impurity
atoms. They can become occupied and remain so for extremely long times or they may evacuate
instantly and can vary depending on environmental factors like temperature [4]. The occupation
of trap states influences local electronic properties may effectively screen recombination
lifetime.

1.3.1 Activation Energy, Ea
When a charge trapping site becomes occupied, it may escape its binding through thermal
agitation. The binding energy or affinity to hold charge can be quantified by observing the rate
at which these traps become occupied or evacuated as a function of temperature. The activation
energy, Ea, then describes the energy distance from a band [10].

1.4

Cathodoluminescence Spectroscopy

Cathodoluminescence (CL) is just what it sounds like, luminescence of a cathode material
where the cathode material is experimentally varied. An electron beam is used to excite carriers
with excessive energy to activate recombination mechanisms, some of which are radiative. This
is similar to photoluminescence technique (PL) which uses a light source to excite charges. PL
versus CL has some advantages and disadvantages for material characterization. The most
concerning comparisons are generally: (1) the light source cannot be focused smaller than an
9

electron beam, (2) a light source is limited to the energy of the light being injected, and (3) the
PL method allows for determination of spectral absorption.
The charges which radiatively recombine emit light whose energy is related to the
energetically favorable recombination pathway(s) present in the material. CL-stimulated light
emission is characteristic to the material and can be spectrally separated using spectrometer or
monochromator, and spatially separated using pseudo-point excitation. In general, direct
bandgap materials will emit at their bandgap energy while indirect bandgap materials may emit
at or below their bandgap energies.
The technique can therefore also be used to determine the spatial distribution of
materials, which makes it particularly useful (and lucrative) for characterization of material
production methods and device failure analysis [11].
This reveals details about carrier recombination behavior and can yield information about
material composition [11], trap activation energy [12-14], defect density [15, 16], and plasmonic
mode dispersion [17, 18]. The spatial resolution of this technique is limited by minority carrier
diffusion length and size of generation volume [19, 20]. The minority carrier diffusion length can
be determined by the EBIC technique [21-23].

1.4.1 Decay Lifetime, τ
The addition of time resolution to the cathodoluminescence technique allows for direct
measurement of spectral decay, which can reveal radiative recombination lifetime, τ, [24] and
the presence of stress and strain [25]. Decay can be observed directly using a time-dependent
(or pulsed) electron beam or light beam excitation, these techniques are referred to specifically
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as time-resolved cathodoluminescence (TRCL) and time-resolved photoluminescence (TRPL)
respectively. The decay is generally exponential is nature and can have multiple components. The
general form of intensity decay is
𝑁

𝐼(𝑡) = ∑ 𝐼𝑖 exp(𝑡/𝜏𝑖 )

(1)

𝑖=1

where I is intensity, N is the number of separable emission components, and t is time. N = 1 is
most commonly observed, and indicative of a single dominant radiative recombination behavior.
An example is Shockley-Reed-Hall, trap assisted, recombination which uses interband trap states
as stepping stones for excited carriers to reach their low energy equilibrium state. Observing
equation (1) for decay shows that τi describes the intensity decay of process i to the value 1/e,
similar to capacitive behavior.

1.5

Minority Carrier Diffusion Length Effect on Device Performance

Diffusion occurs upon spatial variation of the carrier concentration in a semiconductor
material. A diffusion current occurs when carriers migrate from areas of high to low
concentration. The minority carrier diffusion length, L, in semiconductors describes the statistical
distance an excited carrier will travel in a given direction before recombination. The diffusion
length can be related to lifetime by
𝐿 = √𝐷𝜏

(2)

where D is the diffusion coefficient, which is related to the mobility by the Einstein relation
𝐷 = 𝜇𝑘𝐵 𝑇/𝑒
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(3)

where µ is the carrier mobility, kB is the Boltzmann constant, T is the temperature in Kelvin, and
e is the fundamental charge. A myriad of practical device performance benchmarks depend on L,
including dark current and quantum efficiency. The behavior of minority carriers is of interest
especially for bipolar devices, since minority carriers are the limiting reactant in current across a
junction.
Once excited, the carriers will diffuse according to charge concentration and local electric
field. A particular instance of an intrinsic electric field in a semiconductor material is at or near a
junction – p-n junction, Schottky barrier, or surface-vacuum interface. The built-in electric field
draws in excited charges, the junction collects them, and they can be measured as current. The
current collected can then be used to determine the diffusion length from excited charge
position. Since the electric field is always oriented such that minority carriers will be collected,
this current is related to the minority carrier diffusion length, L. Currents generated by electron
beam are known as electron beam-induced current (EBIC). EBIC analysis can be instrumental in
determination of L in a given material.

1.6

Dissertation Outline

To determine the suitability of materials for radiation harsh environments, studies of the
effects of high energy radiation are crucial to the evolution of materials toward full
implementation in mature device technologies. Further, it is necessary to investigate the effects
of electron injection for the practical purpose of possibly developing radiation degradation
mitigation strategies. The effects of various high energy radiations will be investigated to show
the effects of the induced damage for AlGaN/GaN-based HEMT devices, Si-doped β-Ga2O3, and
12

an 8/8 ML ratio InAs/GaSb T2SLS. Temperature-dependent measurements of L and τ will reveal
shallow interband trap activation energy, Ea, for β-Ga2O3 which may be characteristic of silicon
(Si) or hydrogen (H) inclusions.
Chapter two will describe the experimental techniques used to evaluate the material
properties (EBIC, CL, and TRCL), in response to stimuli (electron injection or irradiation). The
theoretical model used to describe EBIC will be presented with indications of the conditions of
validity for the determination of L and thermal Ea. The CL techniques for determination of
recombination behavior and trap state thermal activation energy are presented.
Chapter three presents experimental results including sample pedigree and experimental
conditions. The primary focus of this chapter is the impact of temperature and various
irradiations on the minority carrier transport properties in β-Ga2O3 and the InAs/GaSb T2SLS.
The fourth and final chapter discusses the results of the experiments and reviews their
implications on device performance for the future of β-Ga2O3 and InAs/GaSb T2SLS materials.
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CHAPTER II – EXPERIMENTAL SETUP & TECHNIQUE

“Science walks forward on two feet, namely theory and experiment.”
–Robert Milikan

2.1

Sample Characterization

In this chapter the experimental procedures and conditions are reported including the
experimental setup and techniques used for sample characterization. The major techniques
utilized in this section include EBIC and CL. The EBIC technique yields information about sample
diffusive properties. The CL technique allows the determination of charge recombination
behavior including the intensity spectrum and decay lifetime. These techniques will be used to
determine the impact(s) of specific irradiation on carrier transport properties and trap activation
energies.
Complementary techniques will also be used to characterize samples. Some properties
must generally be determined via complementary methods other than those mentioned here,
such as Hall measurements to find carrier type and density, XRD to determine crystallinity,
quality, and orientation, and spectral photoresponse to determine spectral absorption.

2.1.1 Semiconductor Junctions
A semiconductor junction is created when there is a significant gradient in charge
concentration. This can result from the joining of p- and n-type semiconductor materials (p-n
junction), application of metal to a semiconductor (Schottky barrier), and even the interface
14

between semiconductor and vacuum. This is the description of a bipolar device, meaning both
polarities of carriers are used for current conduction.
At thermal equilibrium we find a non-zero electric field at material junctions. This occurs
due to the differing charge concentrations of the junction materials. Electrostatic attraction
causes electrons (holes) from the n-type (p-type) material to diffuse into the p-type (n-type)
material. This charge separation produces an electric field directed from the n- to the p-type
material. This causes a displacement of charge which leads to a gradient in charge concentration,
therefore, at thermal equilibrium there must be a balance between the drift of charges across
the boundary and the diffusion of charges due to the charge concentration gradient.
The displacement of the charges at the junction leads to a low excess carrier density
known as the depletion region, or space-charge region, where the free carrier concentration is
very low. In the bulk, the valence and conduction band energy levels are constant, but, near the
junction, the bands are noticeably bent due to the matching of the Fermi level energy. The Fermi
energy is the highest energy level which electrons will occupy at absolute zero. An example of a
p-n junction is presented in Figure 1.
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Figure 1. Diagram of p-n junction at rest at thermal equilibrium. The top portion illustrates the
energy band behavior, with excited electrons (filled circles) and holes (open circles), the electric
field direction, Fermi level, and depletion region width are indicated. The bottom portion
illustrates the material junction cross-section.

2.2

Sample Irradiation

Gamma irradiation is performed by controlled exposure to a

60Co

temperature in an inert nitrogen environment. Gamma radiation from

source at room

60Co

decay has two

discreet photon energies above 1 MeV, the decay process is depicted in Figure 2. The probability
of the lower energy beta decay is more than 99% more likely than the higher energy beta decay.
This means that the populations of the two energies 1.17 and 1.33 MeV are nearly equal. The
advantages for gamma-irradiation are the homogeneity of defect distribution, lack of secondary
radiation enabling immediate handling, and low irradiation cost.
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Figure 2. Decay process of 60Co. The transmutation into Ni occurs via two possible beta particle
emissions (red) leading to two distinct gamma-ray emissions (blue).
A study performed by the Naval Research Laboratory showed that for InP, GaAs, and Si
based solar cells, the effects of electron and gamma-irradiation were equivalent [26]. Gammairradiation produces Compton electrons with ~ 600 keV mean energy, effectively internally
irradiating the material with energetic electrons. This suggests a possible equivalence of gamma
and electron irradiation for defect formation, and it allows advantageous use gamma-rays to
simulate electron irradiation.
Particle irradiation is performed using a cyclotron to generate a high-energy charged
particle beam. A cyclotron is a particle accelerator which uses the Lorentz force to accelerate
charged particles to high speeds. In the absence of an electric field component, electrons moving
perpendicular to magnetic fields will exhibit uniform circular motion. The magnetic field is
omitted from a slab which lies parallel to the magnetic field. In this region, after exiting the
magnetic field, an electric field is applied to accelerate the charged particles before entering
another magnetic field region. The circular motion radius enlarges each time an acceleration is
applied in the magnetically blank region, consistent with its higher velocity
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𝑟 = 𝑚𝑐 𝑣/𝑒𝐵

(4)

where r is radius, mc is mass of particle, v is particle velocity, and B is the magnitude of the
magnetic field. Using this relatively simple method, high energies can be imparted to charged
particles. Charged particles can be accelerated to relativistic speeds and a beam can be sustained.
This method is used for electron and proton irradiation.

2.3

Generation Volume & Electron Range

The characterization methods EBIC and CL which follow utilize an electron beam from a
scanning electron microscope (SEM) source. An electron beam can be focused to have a nominal
radius of nearly 5 nm, which is the among the chief limiting factors for SEM image resolution. For
EBIC and CL, the corollary limiting factor for resolution for these techniques is the size of the
volume of excited minority carriers due to SEM beam influence. This volume is referred to as the
generation volume. Ultimately, the shape of the generation volume depends on the SEM
accelerating voltage, Eb, as well as the sample material density, ρ, present scattering anisotropy,
and surface recombination. However, it can be roughly estimated with a fourth order polynomial
𝑔(𝑧) = 0.6 + 6.21𝑧 − 12.40𝑧 2 + 5.69𝑧 3

(5)

where z is distance below the surface-vacuum interface normalized to electron range. The value
of g describes the radially symmetric normalized generation volume carrier density as a function
of normalized depth.
The depth of the influence of the electron beam is known as the electron range, Re. In
most cases it is sufficient to estimate the width of the generation volume to be ~ ½ Re [27]. It has
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been shown in numerous publications that approximate Re is expressible in a closed form with
relative accuracy. The Grün expression is given by
𝐸𝑏1.75
𝑅𝑒 = 45.7
𝜌

(6)

Though, approximations throughout the derivations of Re require the use of slightly different
expressions for ranges of accelerating voltage, for beam energies below 5 keV, these semiempirical methods tend to fail by more than 10 % to agree with Monte-Carlo simulation results,
which are generally regarded as more accurate. The expression by Grün from 1957 tends to be
the simplest and most accurate of the available expressions from 10 to 30 keV [28].
The material parameters used throughout the manuscript are listed in Table 1.
Table 1. Material parameters for estimation of electron range.
Material Parameter

GaN

β-Ga2O3

InAs

GaSb

Mass density, ρ (g/cm3)

6.15

5.88

5.67

5.614
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17.2

41

41

41.87

37.49

94.91

95.75

Atomic number, Zavg
Molar mass, Aavg (g/mol)

2.4

Electron Beam-Induced Current (EBIC)

The EBIC method has been employed for greater than 40 years for determination of L in
semiconductor materials [23, 29, 30]. Though there is still some debate as to the accuracy of the
expressions used to determine L from EBIC data [27, 31, 32]. Using an electron beam, minority
carriers become excited which can diffuse to a nearby junction, become accelerated across the
junction, and measured as EBIC.
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There are several variations on the EBIC method for determination of L. For instance, the
works of Wu & Wittry where Schottky barriers are bombarded with an electron beam and the
voltage was varied. By estimating the depletion region depth and the shape of the generation
volume and directly measuring the beam current, the value of L is determined by observing the
collection efficiency as a function of voltage. This method can be very accurate [31], but require
excessive voltages and an accurate measurement of the beam current [33]. Instead turn to the
work of Berz & Kuiken, which involves measuring the current as a function of beam distance from
the junction [29]. The population of carriers which reach the junction for collection reduces with
increasing distance of the electron beam from the junction.

2.4.1 EBIC Setup
Measurements were carried out in-situ in a Philips XL-30 TMP SEM. The experimental EBIC
schematic is displayed in Figure 3. Samples are mounted on an insulator to isolate electrical
signals from the microscope hardware. The insulator is attached to a temperature-controlled
stage with available temperature control from 80 to 393 K, as measured by an integrated
platinum resistance thermometer with a 0.5 K accuracy.
One of the electrical contacts of the sample is connected to a Stanford Research Systems
SR570 current pre-amplifier with the second contact connected to an external electrical ground.
Because the beam currents of SEM are typically on the order of 10-9 A, EBIC signals from the
sample can be of similar order. The current pre-amplifier allows for low level sensitivity and
amplifies the small generated EBIC. The current pre-amplifier output is connected to a Keithley
2000 Multimeter which digitizes a detected voltage for collection by a Dell computer using
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LabView software. The voltage can then be converted to current by multiplying the gain of the
amplifier in units A/V.

Figure 3. Experimental EBIC equipment setup. The sample is mounted inside the SEM chamber
(a) on a temperature-controlled stage (b) and electrically insulated. The signal is sent to a current
pre-amplifier (c) and digitized by the multimeter (d). Finally, the data is collected by a lab
computer (e).

Figure 4. Sample configurations used in EBIC studies. A cross sectional side view of the planar
configuration (left) and the normal configuration (right) are presented with Schottky barrier
junctions (yellow). The depletion region is exaggerated and shown in gray. The beam-to-junction
distance x, and the sample width & thickness are indicated as ws and ts, respectively.
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The sample can be oriented in various configurations to allow for meaningful data
collection. The configurations used here are presented in Figure 4 for Schottky barriers but are
generalizable to p-n junctions as well.

2.4.2 Determination of L
Many analytical derivations exist for descriptions of EBIC as a function of distance.
Following the efforts of Berz & Kuiken [29] derived in 1975 to the more recent work of Kurniawan
et al. [22] in 2006. The general expression for the collected current is
𝐼𝐸𝐵𝐼𝐶 (𝑥) = 𝐼0 𝑥 𝛼 exp(−𝑥/𝐿)

(7)

where I is the current scaling constant, x is the beam-to-junction distance, and α is the
linearization coefficient related to the surface recombination velocity, vs. The surface
recombination velocity is the dot product of the diffusion current with the surface normal. Its
impact depends on the charge affinity of the sample (the strength of the field at the surfacevacuum junction) as compared to the beam voltage (size of the generation volume), and the
collection configuration used (see Figure 4). The range of α in the planar configuration Figure 4
(left) is given by [22]
𝛼={

−1.5
,
−0.5

∞
𝑣𝑠 = {
0

(8)

∞
𝑣𝑠 = {
0

(9)

and for the normal configuration Figure 4 (right)
𝛼={

−0.5
,
0

The value estimated for α should be such that linearizes the output of the expression
ln(𝐼𝐸𝐵𝐼𝐶 𝑥 −𝛼 ) since, from (6) it is evident that
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ln(𝐼𝐸𝐵𝐼𝐶 𝑥 −𝛼 ) = −𝑥/𝐿 + ln(𝐼0 )

(10)

Once linearized, the slope of the data can be extracted and is theoretically -1/L. Of course, this
method has some caveats from the mathematical treatment of the problem which should be
included in any EBIC analysis. The regions of validity for equation (7) will be discussed in the
following section.

2.4.3 Validity of the Method
Due mainly to the influence of the generation volume, certain conditions must be satisfied
before claiming validity of equation (7). To begin, the sample thickness, ts, and the sample width,
ws, should be greater than several times L and Re (ts, ws >> L, Re) [34]. The lateral radius of the
generation volume should not be greater than 4L (½ Re < 4) [27]. The beam to junction distance
should be greater than 2L [29]. The primary limit of the technique, however, is the experimental
difficulty of measuring vanishingly small currents.

2.4.4 Thermal Activation Energy of Diffusion
The trap thermal activation energy of diffusion can be determined by measuring the value
of L as a function of temperature. The following relation describes L as a function of temperature
𝐿(𝑇) = 𝐿0 exp (−

𝐸𝑎
)
2𝑘𝐵 𝑇

(11)

where L0 is the asymptotic L, Ea is thermal activation energy, kB is the Boltzmann constant, and T
is temperature. A target temperature is maintained for a minimum of 5 minutes before any
measurement data are collected.
23

2.5

Cathodoluminescence Technique

Cathodoluminescence refers to the phenomenon in which carriers are excited by an
electron beam and their radiative recombination behavior observed. The energy supplied by the
electron beam is sufficient to excite free carriers which can recombine radiatively in
semiconductors. The emission can be captured by optical components and dispersed to produce
a spectrum. The spectrum is characteristic to the recombination pathways available in a given
material. Direct bandgap materials tend to emit strongly at or near their bandgap energy. For
indirect bangap materials there may be more energetically favorable pathways, and thus tend to
emit below their bandgap energy.

2.5.1 CL Setup
CL measurements were collected in-situ with an SEM, there are two CL capable SEMs used
here, a Philips XL-30 SEM and an Attolight Alalin 4027 Chronos. The basic CL setup is presented
in Figure 5. The XL-30 SEM is equipped with a Gatan MonoCL3, which collects light with a
parabolic mirror and uses a blazed grating-based Czerny-Turner style monochromator. The
grating has 1200 grooves/mm blazed at 500 nm. The monochromated signal outputs to a
Hamamatsu photomultiplier tube (PMT), sensitive from 180 to 850 nm. The temperature range
used for experiments in the XL-30 is restricted to vary between 80 to 393 K using liquid nitrogen
cooling and resistive Joulean heating. The available acceleration voltages range from 3 to 30 kV.
The electron beam in the XL-30 SEM cannot be pulsed at speeds significantly fast enough to probe
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the temporal recombination behavior, and therefore operates in the continuous mode only (see
below).

Figure 5. CL experimental schematic. The emitted light is collected by a curved mirror (b) and
channeled into a light guide (c), the light is then dispersed by a monochromator or spectrometer
(d). The spectrally separated light is fed to a PMT or CCD device (e) which collects and transmits
the signal to a nearby computer (f).
Unlike the XL-30, the Attolight SEM was designed specifically for CL collection. The
currents available are much higher than that found in other conventional SEM, allowing for
higher population of CL emission. However, the beam acceleration voltage is restricted to below
10 kV. It is outfitted with a pseudo-parabolic mirror optimized for wider field of view collection
than parabolic mirrors. The Czerny-Turner style spectrometer uses a blazed grating with 150
grooves/mm at 500 nm. The spectrometer outputs to an Andor brand Newton 920 charge
coupled device (CCD) for continuous CL collection from 200 to 1100 nm and an Optronis Streak
Camera for pulsed mode TRCL collection sensitive from 180 to 850 nm with a minimum temporal
resolution of 2.5 ps. The sample stage can be cooled using liquid helium to approximately 10 K,
however, the hardware necessary for such an extremely low temperature prevents from
achieving temperatures higher than 320 K.
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2.5.1.1 Continuous wave excitation

Both SEMs are capable of collecting continuous wave CL signals, since this is the standard
operating mode and can be used for CL emission of fluorophores and phosphors. For this mode,
the beam is kept on, and data is collected over a given dwell time. The dwell time can be adjusted
but is on the order of 10-6 to 100 s, and should generally be at equilibrium for direct bandgap
semiconductor samples. Exceptions include phosphorescent materials with lifetimes greater
than 10 ns.
The continuous wave mode is useful for extracting spatial CL information which can be
used to determine certain defect concentrations, and material distribution. The data can be easily
collected and used to produce a CL spectral map. The map production relies on the assumption
that the only light emission is coming from the generation volume, and no excessive plasmon
propagation or secondary sources are present. With this, the SEM records CL data and assigns
position data to it based on the electron beam position.

2.5.1.2 Pulsed mode excitation

The Alalin SEM is equipped with a OneFive high intensity ~250 nm laser which is focused
onto the electron gun emission tip and pulsed to generate short electron pulses via the
photoelectric effect. The laser is active for approximately 8 fs at a frequency of 80 MHz (period =
12.5 ns), and generates short electron pulses of about 5-8 ps. The pulsed mode excitation is not
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ideal for CL map production or imaging because the beam spends the majority of its time in the
off-state (8 ps pulse with a 12.5 ns repetition period). The streak camera is synchronized at 80
MHz and disperses signals by wavelength and time. The sample emission due to a single pulse is
not generally populated enough to be sufficient for measurement, to compensate, the streak
camera accepts multiple frames and stacks them. The intensity should be integrated around the
peak of interest, equation (1) can then be applied, and the lifetime extracted.

Figure 6. Time-resolved CL signal from GaN. The streak data from GaN is presented (a) with
intensity scaling from blue (low) to red (high). The intensity is wavelength integrated over a short
bandwidth around the peak (white dashed lines) and presented in red (b). Fitting was
accomplished using equation 1 with N = 1 (black dashed line) and estimated a lifetime of 27 ps.

2.5.2 Limitations of the Technique
The CL technique can be used to determine the bandgap energy in direct bandgap
materials. For composite materials like AlxGa1-xN, the bandgap is tunable and dependent on the
concentration of aluminum to gallium. The bandgap energy can be extracted and determine the
uniformity of constituent distribution. This capacity is limited by the difference in material
luminescence and bandgap energy differences imposed.
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Limitations on the Attolight equipment, namely the frequency of pulse generation,
prevent the collection of phosphorescent lifetimes (τ > 10-9 s), since they exceed the laser pulse
and streak camera repetition rate.

2.5.2.1 Cathodoluminescence resolution
Assuming the SEM is focused properly, the primary factor limiting spatial data resolution
is the lateral extent of the generation volume and the diffusion length of excited free carriers.
There is also the possibility of absorption of the emitted light followed by a re-emission, which
would enlarge the luminescing region. This generally would not occur in indirect bandgap
materials.
The spectral resolution is limited primarily by the optical components and the
spectrometer (or monochromator) grating used for dispersion. In the detectable wavelength
ranges, emission peaks can be resolved on the order of ~3 nm full width at half maximum (FWHM)
bandwidth.

2.5.3 Thermal Activation Energy of Luminescence
The trap thermal activation energy of luminescence can be determined by measuring the
intensity as a function of temperature. The following relation describes CL intensity, ICL, as a
function of temperature
𝐼𝐶𝐿 (𝑇) =

𝐴
𝐸
(1 + 𝐵𝑒𝑥𝑝 (− 𝑎 ))
𝑘𝐵 𝑇
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(12)

where A and B are scaling constants, Ea is thermal activation energy, kB is the Boltzmann constant,
and T is temperature. A target temperature is maintained for a minimum of 5 minutes before any
measurement data are collected. Equilibrium CL intensity is proportional to the rate of carrier
recombination, and inversely proportional to the minority carrier lifetime.
Under continuous stationary electron beam excitation, local traps begin to become
occupied and alter the intensity of CL intensity. This implies a time dependence on the intensity
of CL under a continuous electron beam excitation. Since ICL is inversely proportional to minority
carrier lifetime, combining equation (2) with equation (11) one finds [35]
−1
𝐼𝐶𝐿

𝐿20
𝐸𝑎
∝ 𝜏 = exp (−
)
𝐷
𝑘𝐵 𝑇

(13)

which implies a time dependence on the value of L0 under continuous electron beam excitation.
The rate of increase in L0 can be inferred then from observing the inverse root intensity of CL as
a function of time and temperature. The rate, R, of change is proportional to
𝑅(𝑇) = 𝑅0 exp (

𝛥𝐸𝑎
)
𝑘𝐵 𝑇

(14)

where R0 is a constant. Rectifying equation (13) and equation (14) demands that
Δ𝐸𝑎 = 𝐸𝑎,𝐼 − 𝐸𝑎 /2

(15)

where Ea,I is the characteristic electron injection activation energy [36]. The only implicit
assumption is that the trap levels do not appreciably begin to saturate during measurement –
that the rate of carriers becoming occupied by traps is not equal to the rate of carriers escaping
their trap.
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CHAPTER III – RESULTS & DISCUSSION

“An experiment is a question which science poses to Nature, and a measurement is the
recording of Nature’s answer.”
–Max Planck

3.1

Minority Carrier Transport Properties in Gallium Nitride

3.1.1 Prior State of the Art1
Investigations of the radiation effects in AlGaN/GaN-based devices employing energetic
protons have consistently reported that proton-irradiation results in a decrease in twodimensional electron gas (2DEG) sheet carrier concentration and a positive threshold voltage
shift with increasing proton dose [38-41]. Negative threshold voltage shifts and increase in 2DEG
sheet concentration have been observed in AlGaN/GaN HEMT structures exposed to 1-MeV
neutron irradiation with fluences up to 2.5 x 1015 cm-2 [42]. In contrast to the behavior observed
in proton-irradiated HEMTs, negative threshold voltage shifts are also observed in gammairradiated devices [43-45].

1

Portions of § 3.1.1 Prior State of the Art are published in Electrochemical Society Journal of Solid State Science and
Technology, Jonathan Lee, Elena Flitsiyan, Leonid Chernyak, Joseph Salzman and Boris Meyler. Effects of Gamma
Irradiation on AlGaN-Based High Electron Mobility Transistors, 6, Published September 22, 2017.
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According to a tight-binding model analysis on AlxGa1-xN, nitrogen vacancies, VN, can
behave as shallow donors in GaN and deep traps in AlN [46, 47]. The model predicts that VN will
present as s-like, or A1, donor levels and p-like, or T2, levels. For Al concentrations from 0 < x <
0.5, the T2 level remains above the conduction band edge while the A1 level remains in the
forbidden band. While nitrogen interstitials, Ni, form deeper acceptor levels near 1 eV below the
conduction band edge. For gallium vacancies, VGa, a half-occupied p-like T2 level forms just above
the valence band, which can act as a trap for both electrons and holes. When charged, V Ga can
form acceptor states near 1 eV above the valence band, while gallium interstitials, Ga i, form
donor levels with 3+/2+ charge transition level located near 1 eV below the conduction band [48,
49].
Energy levels induced by 60Co gamma irradiation have been detected in GaN by deep level
transient spectroscopy (DLTS). The energy levels of the irradiation induced defects were found
at 89 and 132 meV. The lower energy was related to VN defects while the higher energy was
possibly due to coupled neighboring defects [50]. The coupling of an interstitial and nearby
vacancy is known as a Frenkel pair. These defects have been observed experimentally in GaN
after being subjected to 0.7-1.0 MeV electron irradiation [51]. The Hall mobility was observed to
decrease after irradiation with 5 x 1016 1 MeV electrons/cm2, and introduced new donors with
ionization energy of 0.06 eV [51]. However, there was only a slight change in majority carrier
concentration. This is significant because VGa acts as a triple acceptor in n-type GaN, while Gai is
a single donor. Therefore, with Ga lattice Frenkel pairs there is a marked change in majority
carrier concentration. While for Frenkel pairs generated in the N lattice, VN tend to behave as
shallow donors, and Ni as deep acceptors yielding no net change in carrier density. The effects of
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irradiation by

60Co

gamma-rays in GaN are charge compensated suggesting that the primary

defects generated are N lattice Frenkel pairs.
The energy threshold for atomic displacement is notably higher for Ga than that of N in
GaN [52]. As revealed by molecular dynamics calculations, the lowest displacement energies for
Ga and N are 39 and 17 eV, respectively. The weighted average displacement energies taking into
account wurtzite crystal orientation are 73.2 for Ga and 32.4 eV for N. When irradiated by high
energy (0.7 – 1.0 MeV) electrons, Frenkel defects are generated far less in the Ga lattice for
electron energies below 400 keV, while for the N lattice the Frenkel pair generation rate is nearly
constant after 150 keV [51]. With gamma-rays from 60Co of energy above 1 MeV, the dominant
process, Compton scattering, imparts an average energy of 600 keV to scattered electrons. The
generation of Frenkel defects at 600 keV is more than twice as frequent for the N lattice as
compared to the Ga lattice. For GaN, the impact of internal electron irradiation was found to be
equivalent to 60Co gamma irradiation [53].
The minority carrier diffusion length in GaN has been established to be dependent upon
carrier concentration and defect density. In p-type GaN it was demonstrated that the value of L
was on average 500 nm longer for MOCVD than for MBE produced GaN [12].

3.1.2 Cathodoluminescence Emission
3.1.2.1 Continuous wave cathodoluminescence
Samples of GaN were produced via MOCVD and HVPE and were used for comparison. The
emission spectrum produced by MOCVD-GaN, presented in Figure 7, shows a strong peak
emission centered at 365 nm.
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Figure 7. CL spectra of MOCVD-produced GaN.The two spectra presented represent the high (A)
and low (B) bound for spectral emission over a 2.5 µm × 2.5 µm area. The spectra beyond 450
nm is multiplied by 20 to enhance for comparison.
A simple relation can be used to easily convert between wavelength and energy, namely
ℎ𝑐 ≃ 1240 𝑛𝑚 ∙ 𝑒𝑉

(16)

where h is Planck’s constant and c is the speed of light. Using equation (16) and observing the CL
emission in Figure 7, the peak emission at 365 nm corresponds to an energy of ~ 3.397 eV, the
bandgap energy of GaN. Also evident in the GaN spectra is a weaker and broader peak centered
at ~ 570 nm (2.175 eV). This peak represents alternate recombination pathways which are less
energetically favorable than the band to band recombination, but only slightly so. This peak,
known as a defect band, arises due to the population of defects in the material, the broadness is
indicative of the electronic states at the defects being similar. For the MOCVD sample the defect
band is approximately 1/60 of the intensity of the peak at the bandgap.
Spectral CL mapping was performed on the MOCVD-produced samples using the Attolight
instrument. The coincident collection of SEM and CL images is presented in Figure 8.
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Figure 8. SEM and CL images of GaN produced by MOCVD. Images collected of the same area
collected simultaneously on Attolight instrument with a 6kV accelerating voltage and a pixel
depth of 512 × 512. The CL image is at 365 nm with a 5 nm FWHM bandwidth.
Comparison of the images reveals a spatial variation in CL intensity, while a blemish at the center
of each confirms their coincidence. The darker regions in the CL image correspond to threading
dislocations in the GaN lattice. The influence of the average threading dislocation reaches a span
of approximately 220 ± 25 nm at a surface density of 7.4 x 108 cm-2. By using the density of GaN,
6.15 g/cm3, in equation (6), Re in GaN at a beam energy of 6 keV is approximately 150 nm. A
comparison of the MOCVD and hydride vapor phase epitaxially (HVPE)-grown GaN (see Figure 9)
shows a stark contrast in the density of threading dislocations by method.
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Figure 9. Comparison of continuous CL for (a) MOCVD and (b) HVPE-produced GaN. Each image
was collected at 6 kV with a 512 × 512-pixel depth on the Attolight instrument.
Noting the heavy dislocation density in the HVPE produced sample, experimentation proceeded
with the MOCVD produced GaN.

3.1.2.2 Pulsed mode cathodoluminescence
The pulsed beam excitation (as described in § 2.5.1.2

Pulsed mode excitation) was

applied to the MOCVD produced GaN. For room temperature, the resulting streak is presented
in Figure 6. Streak data was collected for GaN at 6 kV for various points in the scene of Figure 8
(b) and the wavelength-integrated spectra are presented in Figure 10.
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Figure 10. Fitting applied to streak data from GaN at room temperature. Time constants extracted
from various points from MOCVD-produced GaN. From equation (1) and assuming N = 1, the
values from left to right of τ1 are 37.9, 39.1, 28.1, 22.4, and 21.6 ps.
The variety of temporal behavior available represents a spatial variation in the recombinative
properties of the sample, which is easily attributable to the presence of the threading
dislocations. The density of threading dislocations can vary depending on production method,
Threading dislocations have been shown to reduce decay lifetime and luminescence. This has
been attributed to the charge concentration gradient induced near the dislocation, which
behaves as a junction and allows for non-radiative recombination pathways [54].
The effects of temperature on the recombinative behavior of the threading dislocation
were investigated. Presented in Figure 11 is the fastest decays found in a scene at a given
temperature.
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Figure 11. Fastest decays found for GaN as a function of temperature. These time constants of
decay for GaN as a function of temperature represent the smallest values achieved at each
temperature. The red line is a fit described by equation (17) and assuming E a = 90 meV, A = 47.5
µs, and τ0 = 15.5 ps.
The fit line in Figure 11 was derived semi-phenomenologically by substituting equation (3) and
the right-side equality of (13) to find
𝜏 ∝ 𝐴 exp (−

𝐸𝑎
) + 𝜏0
𝑘𝐵 𝑇

(17)

where A is a constant, Ea is the thermal activation energy, kB the Boltzmann constant, T the
temperature, and τ0 a constant. The value of Ea was found to be approximately 90 meV. The
constant τ0 can be thought of as constant above 50 K though there was a small deviation from
the minimum decay found at 10 K which was 14.7 ps. This could indicate another temperature
dependent radiative recombination pathway with a much smaller thermal activation energy.
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3.1.3 Low-dose 60Co Impact on AlGaN/GaN-based HEMT Devices2
The tested HEMTs were grown on Si wafers via MOCVD with standard precursors in a
cold-wall, rotating disc reactor. The process began with an AlN layer in direct contact with the Si
wafer in order to avoid Ga-Si interactions. The device heterostructure consists of an AlGaN
transition layer, ~800 nm GaN buffer layer and a 16nm Al0.26Ga0.74N barrier layer. GaN and AlGaN
layers were grown at 1030 °C. Transistor fabrication began with Ti/Al/Ni/Au Ohmic contact
metallization with Ni/Au and rapid thermal annealing in flowing N2 at 825 °C for 30 s. Inter-device
isolation was accomplished with the implantation of multiple energy N+ in order to produce
significant lattice disruption throughout the GaN buffer layer. Ion implantation helps to maintain
planar geometry through the device, helping to reduce parasitic leakage paths that may exist in
passivated and isolated HEMTs. Directly following ion implantation, the devices were passivated
with ~70 nm of SiNx using plasma enhanced chemical vapor deposition (PECVD), with a sample
temperature of 300 °C [39]. Patterning of the Schottky gate and windows to the Ohmic contact
pads was then performed by selective removal of the passivation layer. With gate and Ohmic
contact pads open, metallization of both areas occur simultaneously using Ni/Au, followed by
another similar passivation layer of SiNx. Contact windows are then opened by dry etching with

2

Portions of § 3.1.3
Low-dose 60Co Impact on AlGaN/GaN-based HEMT Devices are published in Radiation
Effects and Defects in Solids, Jonathan Lee, Anupama Yadav, Michael Antia, Valentina Zaffino, Elena Flitsiyan, L.
Chernyak, Joseph Salzman, Boris Meyler, Shihyun Ahn, Fan Ren and Stephen J. Pearton. Low Dose 60Co GammaIrradiation Effects on Electronic Carrier Transport and DC Characteristics of AlGaN/GaN High-Electron-Mobility
Transistors, 172, Published 19 February 2017.
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SF6/Ar and an additional metal deposition of Ti/Au for the HEMT with the source field plate. The
field plate is electrically connected to the source terminal and extends by 1 micron over the gate
to the gate-drain region. The distances from source to gate and channel length of the devices
with and without the source field plate are 1 and 4.7 µm, respectively, with a channel width of
50 µm. Figure 12 (a) shows the SEM image of the device layout.

Figure 12. SEM image of AlGaN/GaN HEMT device used for low dose 60Co gamma radiation
effects. The SEM top view (a) of the AlGaN/GaN HEMTs device layout and (b) showing the area
where EBIC measurements were taken [55].
In order to explore the effect of gamma radiation on minority carrier transport properties,
EBIC measurements were performed on AlGaN/GaN HEMTs. Measurements were first taken
prior to gamma irradiation and were repeated with devices exposed to increased doses of
radiation. Devices were exposed to 60Co gamma radiation to accumulate doses of 100, 200, 300,
400 and 600 Gy. The irradiation was performed by NORDION, Inc at room temperature in an inert
nitrogen environment at a rate of ~2 Gy/s. Source, gate and drain electrodes were kept
electrically grounded during irradiation. This prevents the influence of high electric field stress
and self-heating of the devices.
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Measurements were taken between the source and gate terminals in situ using the
Phillips XL30 Scanning Electron Microscope with a 20 kV accelerating voltage. EBIC data were
extracted by scanning the SEM’s electron beam perpendicularly from the edge of the gate contact
and recording the exponential decay of the current measured at the source contact. Figure 12
(b) shows the profile of EBIC line-scan taken on HEMT devices. Each measurement was taken at
various locations to avoid areas on the sample that may be potentially impacted by the previous
exposure to electron beam. For each dose of gamma irradiation, temperature-dependent
minority carrier diffusion length measurements were carried out by increasing the temperature
incrementally from 25 to 125 °C using a hot stage and an external Gatan temperature controller.
The Ea extracted from these measurements bears the information of the defect levels involved
in the recombination process for the charge carriers.

Figure 13. Experimental dependence of minority carrier diffusion length (left axis, closed circles)
and activation energy (right axis, open circles) on irradiation dose [55].
Figure 13 shows that for low doses of gamma-irradiation (≤ ~250 Gy), diffusion length
increases about 40% with an increased dose of gamma-irradiation while the associated activation
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energy exhibits a decrease, the error bars represent the error in the measurement of a single
device tested five times for each dose.

3.1.4 General Discussion
The results of CL confirm a direct bandgap of ~ 3.4 eV and a recombination lifetime
between 20 and 40 ps. The electron beam-excited carrier radiative recombination lifetime
showed a spatial variation with dependence on the influence of threading dislocations which
have reduced CL intensity. The temperature dependence of the carrier recombination lifetime in
vicinity of threading dislocations revealed an activation energy of approximately 90 meV and is
attributed to the nitrogen vacancies in the material.
The variation of L and Ea is due to the creation of defects in III-N layers, generated by the
interaction of 60Co gamma-photons with the material. These defects introduce additional energy
states (meta-stable levels) in the bandgap [50, 56], and can act as supplementary recombination
centers. The increase in the diffusion length observed after low dose gamma-irradiation is a
consequence of a decrease in the number of recombination events for non-equilibrium carriers.
Compton electrons, caused by gamma-irradiation, generate additional non-equilibrium electronhole pairs. During the latter process, a non-equilibrium electron falls into a meta-stable trap (a
defect level within the band gap). This will prevent the future capture of another non-equilibrium
carrier on the trap, because it is already occupied, and therefore will reduce the number of
recombination pathways [50, 57], thus increasing the minority carrier lifetime.
The improvement of transport properties in AlGaN/GaN HEMTs after being exposed to
low doses of gamma-irradiation has been demonstrated. It was shown that low (below ~250 Gy)
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and high doses (above ~300 Gy) of gamma-irradiation effect the AlGaN/GaN HEMTs differently.
The devices displayed a considerable ~26 % improvement in L after exposure to low doses of
gamma-irradiation. This is likely associated with an irradiation-induced growing lifetime of the
non-equilibrium carriers. For doses above 300 Gy, the impact of defect scattering is more
pronounced, leading to the degradation of carrier mobility, and decrease of L.

3.2

Minority Carrier Transport Properties in β-Ga2O3

3.2.1 Prior State of the Art
The optical properties of β-Ga2O3 have been investigated to find a heavy influence on
dopant species and concentration [58, 59]. Dopants with charge greater than three (including Si)
led to an emission near the UV/Visible light border at ~ 380-400 nm, while doping with beryllium
(Be) alone or lithium (Li) plus another triply chargeable ion will induce a green emission near 500
nm [59]. The Fermi-Dirac statistical distribution described in equation (12) is obeyed in Harwig
and Kellendonk’s temperature dependence of CL intensity at green (~ 500 nm) and blue (~ 420
nm) wavelengths, however, their analysis did not include determination of the parameters [58].
The bandgap energy is commonly described as direct and estimated to be 4.9 eV, as
spectral photoresponse and transmission/absorption measurements place the cutoff wavelength
at about 250 nm in each case [59, 60]. The emission characteristics of β-Ga2O3 are similar to that
of an indirect bandgap semiconductor. The common emission bands have been estimated to be
representable by a few discreet Gaussian energy bands and lie well below the bandgap energy.
The band at 3.65 eV is consistent with the charge transition level for one of the three inequivalent
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oxygen vacancy (VO) sites [61]. The emission at 3.25 eV is attributed to the recombination of free
electrons with self-trapped holes [62] while that of 2.9 eV is attributed to donor-acceptor pairs
[60].
The temporal characteristic of excited carrier decay either by PL [63] and CL [59] is that
of a fluro-phosphor displaying a fast and slow luminescence component. This is consistent with
equation (1) for N = 3. In the study by Binet and Gourier [64], the TRPL decay from the UV (3.2
eV) luminescence was not observed at t < 100 ns. The thermoluminescence behavior was
observed by Vastil’tsiv et. al showed a strong peak emission at 140 K followed by a much weaker
and broader peak at 385 K, each centered at 520 nm [65].

3.2.2 Cathodoluminescence Emission
The samples in this study consisted of epitaxially grown β-Ga2O3 on single crystal Sndoped β-Ga2O3 substrates. The Sn-doped substrates were grown by Tamura Corporation (Japan)
via edge-defined film-fed method and showed (001) surface orientation. The carrier
concentration in the substrates was determined by collaborators from Hall measurements to be
3.6×1018 cm-3 [66]. HVPE was used to grow epitaxial layers which contained ~ 1% Si-doping by
Novel Crystal Technology. Epitaxial layers were ~ 20 µm thick initially, and subsequently
subjected to chemical mechanical polishing, reducing the final thickness to ~ 10 µm [67].

3.2.2.1 Continuous wave cathodoluminescence
The continuous wave CL emission was recorded using the Attolight instrument and the
data is presented below. The primary emission peak was found at ~ 380 nm (3.26 eV) with about
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an 80 nm FWHM bandwidth. The CL spectrum is presented in Figure 14 along with a sum of
Gaussian fit curves according to
𝑁

2

𝜖(𝜆) − 𝑏𝑖
𝐼𝐶𝐿 (𝜆) = ∑ 𝑎𝑖 exp (− (
) )
𝑐𝑖

(18)

𝑖=1

where ai, bi, and ci are constants associated with the Gaussian fitting conditions in Figure 14, the
values of the constants used is listed in

Table 2. This fitting method is very general for spectra and must be used with caution since nearly
any spectrum can be represented by the sum of a series of Gaussian curves. However, the fit
error was very low using N = 3 as ascribed in ref. [60] for samples with Si doping.

Figure 14. Continuous wave CL of β-Ga2O3 collected at room temperature and 6 kV accelerating
voltage presented with Gaussian breakdown. The main window presents the normalized
intensity spectrum (gray circles) from 300 to 600 nm with the estimated Gaussian peaks centered
at 3.65 (dotted), 3.25 (dot-dashed), 2.90 eV (dashed), and the sum of the Gaussian peaks (solid).
The inset presents the spectrum from 200 to 320 nm showing absence of bandgap emission [68].
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Table 2. Parameters for Gaussian deconvolution of continuous wave CL emission of β-Ga2O3. The
constants for evaluation of Gaussian peaks defined in equation (18) and present in Figure 14.
Band Energy

ai (a.u.)

bi (eV)

ci (eV)

FWHMi (eV)

E1 = 3.65 eV

0.13

3.65

0.31

0.52

E2 = 3.25 eV

0.86

3.25

0.33

0.55

E3 = 2.90 eV

0.25

2.90

0.36

0.60

As noted in Figure 14, and consistent with previous studies, an emission from the bandgap
energy was absent. The CL signal intensity with respect to voltage was also demonstrated to show
the intensity dependence on accelerating voltage and is presented in Figure 15. Also shown is the
emission spectra out to longer wavelengths showing a defect band at about 680 nm (1.82 eV).

Figure 15. CL emission spectra for Si-doped β-Ga2O3 by accelerating voltage. The primary
luminescence was observed at ~ 380 nm, intensity is set to log-scale to enhance viewing of the
defect band at 680 nm.
The defect band is likely due to the prevalence of dislocation type defects from the HVPE film
production and the interference in the lattice caused by Si inclusions. The beam currents for the
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8 and 6 kV cases were nearly equivalent, while their relative emissions are not. Thus, the
influence of accelerating voltage on CL emission intensity is quite significant, this is attributed to
the size of the generation volume leading which may enclose more carriers which can recombine
radiatively. One can equivalently describe the situation as electrons with more energy will scatter
more times and excite more carriers in general than lower energy electrons and hence lead to a
higher intensity.
CL imaging of the surface of β-Ga2O3 was accomplished from spectral map collection and
integrated from 370 to 390 nm. The comparison of SEM and CL images is presented in Figure 16
for 3, 6, and 8 kV accelerating voltages. The constellation of dark spots in the upper right corner
of in the images confirms each image is of the same area.

Figure 16. CL (top) and SEM (bottom) micrographs of β-Ga2O3. Images presented for (a) 3, (b) 6,
and (c) 8 kV, CL images were integrated with a 20 nm bandwidth around 380 nm. The scalebars
apply to both CL and SEM images.
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The dark spots are likely from the mechanical defects in the surface, since they are visible in their
SEM counterparts. The large darkened area in the middle right was the spot used for CL focusing
and anecdotally demonstrates first evidence of electron injection impact on β-Ga2O3, which will
be a topic of discussion in a later section. There are yet other distinct surface characteristics
especially visible in the 3 kV image in Figure 16 (a) due to the reduced Re of ~ 47 nm. The streaklike features are likely related to edge dislocations in the surface layers. Their influence on the CL
image is diminished upon increasing accelerating voltage due to the enlargement of the
generation volume and the electron range in the material.

3.2.2.2 Pulsed mode cathodoluminescence
The broadness of the spectral luminescence from β-Ga2O3 was quite disperse as compared to
GaN, which made for a lower signal-to-noise ratio at the streak camera output. To accommodate
this, the beam was operated at 10 kV accelerating voltage and the collection was run 4 times
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longer than that of GaN. Further, the UV/blue emission found at 3.25 eV has been found to have
fluorescent and phosphorescent emissions, meaning there is a persistent luminescence on the

Figure 17. Streak data for β-Ga2O3 at room temperature and 10 kV accelerating voltage. Streak
data (a) with dashed box indicating the data integration region to generate the normalized decay
curve (b) with fit line from equation (1) using N = 1 and τ = 205 ps [68].
timescale of 10-7 s [59] to 10-5 s [64] depending on dopant and experimental conditions.
Due to the 80 MHz (period of 12.5 ns) cycle rate of the streak camera, should the
luminescence exceed 10-7 s it could be present as a background signal. The background signal
observed was nearly flat over the entire accessible range of the detector, indicating the presence
of a long decay which cannot be analyzed without special preparations (installation of a
frequency halving adjustment to the pulse system). The primary luminescence band at 380 nm
was located and found to have a room temperature decay lifetime of approximately 210 ± 20 ps.
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3.2.3 Effect of Surface Etching on β-Ga2O33
There have been a few studies of wet etching of Ga2O3, where it was found that HNO3 at
elevated temperature and hydrofluoric acid at room temperature provide the fastest removal
rates [70]. Dry etching is preferable because of its higher resolution, and control and initial
studies of reactive ion etching (RIE) and inductively coupled plasma (ICP) etching in
predominantly chlorine or boron trichloride (Cl2, BCl3) plasma chemistries have shown removal
rates up to ~1500 Å min-1 under high power conditions [71]. The presence of electrical damage
in the near-surface region of ICP etched Ga2O3 was found through barrier height changes of
Schottky diodes fabricated on the etched surface [71].
Experiments were performed with bulk β-phase (-201) oriented Ga2O3 single crystals from
Tamura Corporation (Japan) grown by the edge-defined film-fed growth method. Hall effect
measurements showed that the sample was unintentionally n-type with an electron
concentration of ~3 × 1017 cm-3. Full-area back Ohmic contacts were created using Ti/Au (20
nm/80 nm) deposited by e-beam evaporation. Linear current–voltage behavior was obtained
without the need for a rapid annealing step. Unmasked samples were exposed to 15 BCl 3/ 5 Ar
discharges (where the numbers represent the respective gas flows in standard cubic centimeters

3
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per minute) in a Plasma-Therm Versaline ICP reactor. The 2 MHz power applied to the three-turn
ICP source was 400 W, while the rf (13.56 MHz) chuck power was 200 W. The dc self-bias on the
sample electrode was ~450 V. The Ga2O3 etch rate under these conditions is ~700 Å min-1, and
the samples were etched for 3 min. Schottky contacts were prepared on the front sides of the
samples after etching by e-beam deposition of Ni/Au (20 nm/80 nm) contacts through a stencil
mask.
Minority carrier diffusion length measurements were carried out by recording the
exponential decay of EBIC as a function of the distance from the gate, see equation (7). The
influence of vs was assumed to be negligible (i.e., vs = 0; α = -0.5). Each diffusion length
determination was an average of a minimum of seven measurements. All the measurements on
the devices were performed in situ in the Philips XL-30 SEM under an accelerating voltage of 16
kV, corresponding to an estimated Re of 870 nm, and current pre-amplifier gain of 2 nA/V. EBIC
data were acquired by scanning the electron beam of the SEM along a line perpendicular to the
edge of gate contacts and recording the exponential decay of the current. A portion of the data
from the reference sample is presented in Figure 18.

50

Figure 18. EBIC data for (-201)-oriented β-Ga2O3 reference sample. Presented along with the
corresponding fit, according to equation (7) with α = -0.5, and the values of L.
Since EBIC is a minority carrier sensitive method, this is the minority carrier (hole) diffusion length
along the (-201) face. There are noticeable deviations from the mean value, which did not rely
on angular placement along the Schottky.

Figure 19. EBIC data for (-201) oriented β-Ga2O3 after 3 minutes of 400 W of ICP etching.
Presented along with their corresponding fit according to equation (7) with α = -0.5, and the
values of L.
The ICP etch damage of 3 minutes led to a slight reduction in L from 350 ± 75 nm to 305 ± 43 nm.
The etched sample EBIC data is presented in Figure 19. Since the surface recombination did not
appreciably change and L was reduced, a likely explanation is that point defects are have been
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introduced via ICP, another possible explanation is the introduction of surface strain. The damage
is created by energetic ion bombardment but in some cases may also consist of changes to nearsurface stoichiometry through the preferential loss of one of the lattice elements or deposition
of etch residues. This damage was found to be significantly reduced by annealing at 400 °C,
however this noticeably reduced the height of the Schottky barriers [69].

3.2.4 Impact of 10 MeV Proton Irradiation4
The carrier removal rates for proton irradiation are found to be comparable to those in
GaN of similar doping levels and fluences [73-75]. The main defect created in Ga2O3 by proton
irradiation has been identified as a Ga vacancy with two hydrogens attached [76].
The samples were bulk β-phase Ga2O3 single crystal wafers (~650 µm thick) with (001)
surface orientation grown by the edge-defined film-fed growth method. Hall measurements
showed the Sn-doped samples had carrier concentration of 2.2 × 1018 cm-3. Epitaxial layers
(initially ~20 µm thick) of lightly Si-doped (~3 × 1016 cm-3) n-type Ga2O3 were grown on these
substrates by HVPE. After growth, the epi-surface was subjected to chemical mechanical
polishing to planarize the surface, with a final thickness of ~10 µm. Diodes were fabricated by
depositing a full area back Ohmic contacts of Ti/Au (20 nm/80nm) by e-beam evaporation. The

4
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8 January 2018.
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front sides were patterned by lift-off of electron beam deposited Schottky contacts Ni/Au (20
nm/80 nm) with a diameter of 210 µm.
The 10-MeV proton beam was generated using a MC-50 Cyclotron at the Korea Institute
of Radiological and Medical Science. The proton beam was injected into a low-vacuum chamber,
where the β-Ga2O3-based devices were loaded, facing the proton beam. The average beamcurrent, measured by Faraday-cup, was 100 nA during the proton irradiation process. Proton
fluence was fixed at 1014 cm-2. The projected range of the 10-MeV proton beam was calculated
using the stopping and range of ions in matter program and is 330 µm, which is well into the
substrate. Minority carrier diffusion length, L, was determined as previously using the EBIC
method on the aforementioned Schottky contacts. The EBIC was recorded during line-scans of
10 s duration performed in-situ in the Philips XL-30 SEM operated at 20 keV (Re ~ 1.3 µm). The
room temperature value of L was ~340 nm for the nonirradiated sample and decreased with
increasing temperature due to increased scattering or recombination. After proton irradiation,
the room temperature diffusion length was reduced to ~315 nm. The values of the activation
energy according to equation (11) were 41.8 and 16.2 meV and the asymptotic L0 values were
145 and 228 nm for the nonirradiated and proton irradiated samples, respectively.
The excited carrier lifetime was observed by TRCL at room temperature using the
Attolight instrument and was found to be ~ 215 for the reference and 300 ps for the proton
irradiated sample.
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Figure 20. Minority carrier diffusion length in (001) Si-doped β-Ga2O3 for reference and 10 MeV
proton irradiated sample. The activation energies according to equation (11) are 41.8 and 16.2
meV for the reference and irradiated sample, respectively [72].
The indication of the behavior of L with temperature is that the types of defects generated tend
to insulate L against temperature-induced reduction at temperatures above 60 °C. It is likely that
the implanted hydrogen atoms remain as shallow donors and increase n-type conductivity.
Hydrogenic inclusions in Ga2O3 have been demonstrated to have an activation energy of about
15 meV as determined by muon-spin rotation and relaxation spectroscopy µSR [77].

Table 3. Material parameters for Si-doped β-Ga2O3 in response to 10 MeV proton irradiation.
After ref. [72].
n (cm-3)

L (nm)

L0 (nm)

Ea (meV)

τ (ps)

Non-irradiated

3.1 × 1016

340 ± 22

145

41.8

215 ± 22

1 × 1014 cm-2

8.03 × 1015

315 ± 16

228

16.2

300 ± 35

Fluence

The result was carrier removal in the epilayer by nonionizing energy loss which created
electron traps and acceptor states that compensate the initial donor doping. The calculated
carrier removal rate was 235.7 cm-1 for the 10 MeV protons. The initial carrier density of 3.1 ×
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1016 cm-3 was reduced to 8.03 × 1015 cm-3 after proton irradiation and annealing at 300 °C
restored this approximately half-way, to 1.87 × 1016 cm-3. The carrier removal rates for proton
irradiation are found to be comparable to those in GaN of similar doping levels and fluences [7375]. The main defect created in Ga2O3 by proton irradiation has been identified as a Ga vacancy
with two hydrogens attached [76].

3.2.5 Impact of 1.5 MeV Electron Irradiation5
Sample description can be found in § 3.2.4 Impact of 10 MeV Proton Irradiation. The
effects of 1.5 MeV electron irradiation on Si-doped β-Ga2O3 Schottky rectifiers have previously
resulted in a carrier removal rate – defined as loss in carrier density (cm-3) per fluence (cm-2) – of
~ 4.9 cm-1 and a significant reduction in reverse-bias current density for higher voltages [67].
Majority electron concentrations in the epitaxial layers are summarized in Table 4.
Irradiation was performed at Korea Atomic Energy Research Institute for fluences of
1.79×1015 and 1.43×1016 cm-2 at a current of 1 mA. L was determined using EBIC technique on
Schottky barriers (contacts) in the planar configuration. The EBIC was recorded during line-scans
of 10 s duration performed in the Philips XL-30 SEM. Using a beam energy of 20 keV (Re ~ 1.3
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µm), the EBIC was measured for each sample, without bias, as a function of distance from the
Schottky contact, x. EBIC was recorded for sample temperatures 295, 330, 370, and 395 K.

Figure 21. EBIC data for β-Ga2O3 for reference and 1.5 MeV electron irradiated sample. Presented
along with their corresponding fit according to equation (7) with α = -0.5. After ref. [68].
The zero-bias depletion region width in Au/β-Ga2O3 Schottky diodes has been estimated
previously to be d = 14 nm and does not significantly interfere with these measurements since x
>> d [78]. To ensure accuracy, the determination of diffusion length is measured at x > 2L [21,
79]. To achieve linearity, the value of α was estimated as -0.5, indicating a low influence of surface
recombination velocity. EBIC data are displayed in Figure 21 for the non-irradiated and most
irradiated samples along with linear fit generated by equation (7). The values of L are presented
in Figure 22 for all temperatures and doses tested.
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Figure 22. EBIC results of L for β-Ga2O3 for reference and 1.5 MeV electron irradiated samples.
Presented along with their corresponding fit according to equation (11). After ref. [68].
The room temperature value of L was initially 335 nm for the non-irradiated sample and
tended to decrease for increasing temperature for all samples. The reduction of L with
temperature can be caused by increased scattering or recombination; temperature dependent
measurement of lifetime could assist in discerning which dominates. However, present hardware
limitations prevent measuring lifetime for higher temperatures and will be addressed in future
studies. The values of Ea, listed in Table 4, were 40.9 meV for the non-irradiated sample and
reduced to 18.1 and ultimately 13.6 meV in response to higher irradiation doses. The introduction
of these trap states results in a reduction in L likely due to an increased recombination rate.
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Figure 23. Spectral comparison of continuous wave CL for reference and 1.5 MeV electron
irradiated β-Ga2O3. Each normalized spectrum was collected on the Attolight instrument at 10 kV
accelerating voltage.
CL measurements were conducted at room temperature in an Attolight Allalin 4027
Chronos SEM. The accelerating voltage used for all CL measurements was 10 keV. The continuous
wave CL spectra for each electron dose is presented in Figure 23. There was no indication of
effect on the CL spectra as influenced by electron irradiation. The TRCL technique was utilized to
directly measure the decay lifetime, and extracted lifetimes are presented in Figure 24. The
values of τ were 215 ps for the non-irradiated sample and reduced to 151 and 138 ps indicating
an increase in recombination rate in response to irradiation.
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Figure 24. Decay time constant for β-Ga2O3 as a function of 1.5 MeV electron fluence. The inset
shows a typical decay integrated 20 nm centered at 380 nm and its corresponding fit. After ref.
[68].
Table 4. Material parameters for Si-doped β-Ga2O3 in response to 1.5 MeV electron irradiation.
After ref. [68].
n (cm-3)

L (nm)

L0 (nm)

Ea (meV)

τ (ps)

Non-irradiated

1.52 × 1017

333 ± 15

147 ± 17

40.9 ± 6.8

210 ± 20

1.79 × 1015 cm-2

5.98 × 1016

260 ± 9

182 ± 19

18.1 ± 6.2

149 ± 14

1.43 × 1016 cm-2

3.32 × 1016

243 ± 6

186 ± 19

13.6 ± 2.4

138 ± 15

Fluence

The activation energy of 40.9 meV, found prior to irradiation, matches closely with the
donor ionization energy found in previous studies [64, 80-82]. These shallow donor levels have
been attributed to Si doping [83]. The irradiation-induced reduction in L and Ea is due to the
generation of trap states between the conduction band and the shallow donor levels. The
monotonic reduction in activation energy is due to the introduction of these shallow interband
traps serving as more energetically favorable pathways for trapped electrons to return to the
conduction band and consequently recombine with holes [64]. This is confirmed by the
simultaneous reduction in lifetime. The trap states formed are likely due to oxygen displacement,
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which can result in either oxygen vacancies, pairs of oxygen and gallium vacancies, or complexes
of both. After irradiation, the recombination pathway remains energetically unchanged as
evidenced by comparison of continuous wave CL measurements, see Figure 23. While deeper
levels may be formed, experimentally we did not observe them. Post-irradiation annealing may
repair irradiation-induced defects [84] and move the activation energy toward its pre-irradiated
value [85], though it was not performed in this study.
The temperature dependence of minority carrier diffusion length was observed by EBIC
and allowed for the extraction of activation energy before and after 1.5 MeV electron irradiation.
Exposure to 1.5 MeV electrons led to a marked decrease in L and lifetime suggesting the
generation of defects interfering with minority carrier transport. The carrier lifetime was
measured by TRCL to determine the effects of irradiation on the ultrafast recombination rate.
The initial activation energy was attributed to shallow donor levels commonly found in β-Ga2O3
samples, while the irradiated samples displayed reduced activation energy from irradiationinduced trap states. The induced trap states assisted recombination, as evidenced by the
reduction in lifetime.

60

3.2.6 Effects of Electron Injection6
The effects of electron injection, which were found to be significant in GaN [86] and InGaP
[87], were investigated to determine if there is an effect in β-Ga2O3. The influence of electron
injection by electron beam was demonstrated to reduce the continuous wave CL intensity (see
Figure 16).
Thick film (several microns) of β-Ga2O3 was deposited by MOCVD on a c-plane Al2O3
substrate. Film growth was conducted at 650 °C and 50 Torr using Nitrogen as carrier gas and
trimethylgallium (Ga(CH3)3) as precursor material. The crystallinity and quality of deposited films
were assessed using standard methods of XRD, in 2θ mode using Cu Kα radiation source, and
micro-Raman spectroscopy, in backscattering geometry using 514.5 nm Ar-ion laser with ~1 µm
diameter beam spot size. In order to increase the conductivity of β-Ga2O3 films, silicon ions were
implanted at a particle flux of 1 x 1015 cm-2 followed by rapid thermal annealing (RTA) in order to
activate the implanted silicon atoms. Post-implantation annealing was completed in an Ar
environment for 30 s at 900 °C, leaving the surface with a silicon ion density of 1 to 3 x 1017cm-3
[88].
Variable temperature (-100 to 100 °C) CL measurements were collected in situ in the
Philips XL-30 SEM using the Gatan Mono CL2 monochromator. Due to the weak intensity of the

6

Portions of § 3.2.6
Effects of Electron Injection are published in Electrochemical Society Journal of Solid State
Science and Technology, Jonathan Lee, Elena Flitsiyan, Leonid Chernyak, Shihyun Ahn, Fan Ren, Lin Yuna, Stephen J.
Pearton, Jihyun Kim, Boris Meyler and Joseph Salzman. Optical Signature of the Electron Injection in Ga 2O3, 6,
Published October 26, 2016.
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near-band-edge (NBE) CL, the accelerating voltage was increased to 30 kV which corresponds to
an Re of ~2.6 µm. The CL spectrum at low voltage was observed in order to rule out influences
from substrate material. Using an electron beam accelerating voltage of 30 kV, the NBE and
visible-range luminescence were observed as a function of electron beam irradiation duration up
to 2000 s. For each measurement temperature, the luminescence spectra were taken in a region
that was previously unexposed to electron beam irradiation. For each region and temperature,
several spectra were taken with an interval of 480 seconds (the approximate time required to
collect one spectrum from 200 to 500 nm at 1 nm intervals and 0.1 s integration time).

Figure 25. Continuous wave CL of MOCVD grown β-Ga2O3 on c-plane Al2O3. The spectrum is
divided into two portions, 220 to 300 (a) and 300 to 500 (b) to allow for viewing of the NBE peak,
marked 1. The Gaussian fit peaks serve only as a guide to the eyes [82]. Data collected using the
Philips XL-30 SEM using 30 kV accelerating voltage.
The primary luminescence peak in this case was ~320 nm, Figure 25 marked as peak 2.
With an intrinsic bandgap energy of ~4.9 eV (~253 nm), the effects of electron injection
through CL measurements in the range of 200 - 500 nm were observed. The observed spectra,
presented in Figure 25, were collected separately for two distinct regions, from 220 to 300 nm
(Figure 25(a)), where a shallow luminescence peak was observed at ~ 285 nm, and from 300 to
500 nm where dominant luminescent peaks were centered at ~ 335 nm and at ~ 410 nm (Figure
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25(b)). These spectra were deconvolved and are represented by Gaussian functions displayed in
Figure 25, alongside the collected data, which serve to guide the eyes. It is possible that the CL
peak at ~ 335 nm is related to Hydrogen point defects present in the material due to the MOCVD
growth [77, 89]. The intensity peak centered at 410 nm is likely related to the the implantation
of silicon atoms, for comparison see Figure 14. The inclusion of silicon impurities have been found
to both induce gallium vacancies and form donor levels below the conduction band [64]. Oxygen
vacancies have also been described as electronic donors. While gallium vacancies, combined with
nearby oxygen vacancies, can form gallium-oxygen vacancy pairs which form acceptors [65].

Figure 26. CL spectra collected for MOCVD grown Si-implanted β-Ga2O3 on c-plane Al2O3.
Collected from 220 to 300 nm and 275 to 300 nm (inset), at 100 °C for SEM irradiation duration
of (1) 0 s, (2) 480 s, and (5) 1920 s [82]. Data collected using the Philips XL-30 SEM using 30 kV
accelerating voltage.
In order to probe the band-to-band transition the subsequent analysis was focused on
the short wavelength region of 280 – 300 nm. Initially, the CL spectrum was collected at -100 °C
and was repeated at temperatures of 0, 20 and 100 °C. A distinct decay in CL intensity observed
in one of the regions under electron irradiation is presented in Figure 26 for temperature of 100
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°C. Similar CL decays were also observed in other regions of the Ga2O3 sample measured at
different temperatures.
The mechanism for CL decay under continuous electron beam irradiation was previously
studied in refs. [14, 35, 86], for p-type GaN doped with various impurities (Mn, Fe). Similar to the
mechanism proposed in ref. [14], it is suggested that in Ga2O3, ionized Si-donor levels offer an
alternate route for recombination of non-equilibrium electron-hole carriers generated by the
SEM beam. While the intensity of CL is proportional to the number of recombination events
through donor levels, some of these levels may be excluded from radiative recombination
process due to trapping of some portion of non-equilibrium electrons. This trapping may be due
to lattice vibrations which increase carrier scattering, making donor levels less available, the nonequilibrium electrons in the conduction band will be “forced” to wait for an available donor level
for the radiative recombination, thus increasing their lifetime, , in the conduction band. As a
result, the number of recombination events will drop with increasing duration of electron beam
irradiation and the CL intensity will decrease as seen in Figure 26. As noted in refs. [14, 86] and
outlined in § 2.5.3

Thermal Activation Energy of Luminescence, the lifetime of non-

equilibrium carriers in the band is proportional to the inverse of CL intensity.
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Figure 27. Rate measurements of CL intensity decay for MOCVD grown Si-implanted β-Ga2O3 on
c-plane Al2O3. The inverse of normalized CL intensity at 298 nm for -100 (squares), 0 (downward
triangles), 20 (upward triangles), and 100 °C (circles) and their respective linear fit, vertically
offset for clarity. Arrhenius plot of the rate of decay of the inverse of normalized CL intensity
experimental data and linear fit [82].
For each temperature tested, the inverse square root of normalized intensity is presented
in Figure 27(a) as a function of electron beam irradiation duration. Note that I versus irradiation
duration shows a good linear fit, as for GaN. The temperature dependent rate for intensity
decrease was obtained from the slope of each experimental dependence in Figure 27(a) and
presented in an Arrhenius plot in Figure 27(b). The rate, R, of CL intensity decay is described by
equation (14). From the slope of the linear fit in Figure 27(b), Ea is estimated to be approximately
34 meV. This activation energy is possibly related to Si-donor and is comparable to that of its
ionization energy [81]. There is also some evidence that oxygen vacancies may be related, since
they are also donor defects with an estimated ionization energy of about 36 meV [90]. In p-GaN,
the lower rates of intensity decay with increasing temperature indicate the presence of a
thermally activated process for trapped non-equilibrium electrons to escape from deep metastable Mg-related levels [14]. Present work indicates that in Ga2O3, there is a competing and
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dominating mechanism that is possibly related to interstitial Hydrogen release (from complexes),
at elevated temperatures [77, 90, 91].

3.2.7 General Discussion
Minority carrier diffusion lengths for all β-Ga2O3 samples displayed a decrease in L with
temperature. This is contrary to the behavior of some other semiconductor materials, for
instance GaN [12] and InAs/GaSb (see below, § 3.3 Minority Carrier Transport Properties in
InAs/GaSb Type II Strain-Layer Superlattice), but consistent with Si and GaP [21]. The minority
(hole) diffusion length was generally on the order of 250 - 350 nm with carrier lifetime measured
by TRCL on the order of 200 ps.
Bulk samples from edge-defined film-fed growth method had a wider variance in the
value of L determined than other production methods. This is attributed to the native
inconsistencies and surface roughness. ICP etch damage of 3 minutes led to a noticeable
reduction in the mean value of L from 350 ± 75 nm to 305 ± 43 nm at room temperature. Since
the Re in that case was ~ 870 nm and linearity of EBIC was found with α = -0.5 in both cases, it is
likely that the defects reducing diffusion length are not restricted to the sample surface. A likely
explanation is that point defects are have been introduced via ICP, another possible explanation
is the introduction of surface strain induced by the removal of ~210 nm of material. The damage
is created by energetic ion bombardment but in some cases may also consist of changes to nearsurface stoichiometry through the preferential loss of one of the lattice elements or deposition
of etch residues.
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HVPE samples showed a similar value of L = 340 nm and an activation energy of 42 meV
was determined by observing the temperature dependence of L. The activation energy matches
closely with the ionization energy for Si donors found in previous β-Ga2O3 studies [64, 80-83].
When these samples were exposed to high energy electron and proton radiation, their diffusion
lengths displayed an expected decrease. The continuous CL emission spectrum was unaffected
by irradiation, which indicates the introduction of irradiation-induced defects lying outside of the
recombination pathways. However, the reduction in the thermal activation energy insists that
the defects induced are shallow and their binding is easily thermally overcome. A very interesting
effect, which was more pronounced in the proton irradiated study, was a reduction in thermal
activation energy and simultaneous increase in asymptotic minority carrier diffusion length, L 0.
This insists that for high energy particle irradiated samples, the minority carrier diffusion length
is higher at higher temperatures. Therefore, we may conclude that irradiation of HVPE grown βGa2O3 tend to introduce defects which counteract the reduction of L by temperature.
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3.3

Minority Carrier Transport Properties in InAs/GaSb Type II Strain-Layer Superlattice7

3.3.1 Prior State of the Art
Previously, EBIC has been used to determine the minority carrier diffusion length in ptype InAs/GaSb T2SLS structures with much different ML ratios. For example, it has been used to
estimate the lifetime of excited carriers in a 8/8 ML ratio InAs/GaSb T2SLS by measuring diffusion
length and assuming from Bürkle et al. an out-of-plane electron mobility of 1100 cm2/Vs [93, 94].
Further, EBIC measurements were taken to observe the impact on collection efficiency as
influenced by the introduction of an InSb interfacial layer in a 9/17 ML ratio InAs/GaSb structure
[8]. Due to the narrow bandgap, any electron beam stimulated emission would be in the IR, and
inaccessible to the CL equipment available.
This study applies the method of EBIC to determine the impact of gamma irradiationinduced damage on a 10/10 ML ratio InAs/GaSb T2SLS by observing the minority carrier diffusion
length and trap thermal activation energy. Gamma irradiation primarily induces ionization
defects, but may also produce some displacement defects. Heavy ions, like protons, more readily
generate displacement defects, while gamma more easily creates ionization defects. Studies of

7

Portions of § 3.3
Minority Carrier Transport Properties in InAs/GaSb Type II Strain-Layer Superlattice have
been accepted for publication in Journal of Applied Physics, Jonathan Lee, Chris Fredricksen, Elena Flitsiyan, Robert
Peale, Leonid Chernyak, Zahra Taghipour, Lilian Casias, Alireza Kazemi, Sanjay Krishna and Stephen Myers. Impact of
temperature and gamma radiation on electron diffusion length and mobility in p-type InAs/GaSb superlattices,
Accepted for publication 31 May 2018.
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both types of radiation damage are needed to separate the total ionization dose effects from the
displacement effects. Direct measurements of minority carrier diffusion length, L, perpendicular
to the growth plane (also referred to as “out of plane,” see Figure 28 (b)) by variable temperature
EBIC in InAs/GaSb T2SLS, designed as an IR absorber, to study the ionization dose effects from
gamma irradiation.

Figure 28. Schematic of the T2SLS structure. (a)The majority carrier type and concentration,
periodic ML ratio, and composite layer thicknesses are indicated. The vertical arrow shows the
direction for EBIC line-scan, the horizontal arrow indicates the instantaneous electron-beam
position. The absorber thickness is denoted by w and the sample lateral dimension by h (not to
scale). (b) Illustration of the normal-collector configuration. Top metallic contact, n- and p-type
regions, absorber thickness w, and sample lateral dimension h (not to scale), and the electron
beam-to-junction distance x, are indicated. Carrier transport anisotropy is indicated by ∥ and ⊥
for L and µ with reference to the growth plane. The inset presents typical sample EBIC data. For
both diagrams, the barrier (n-type InAs/AlSb) is indicated by the letter “B”. After ref. [92].
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3.3.2 Impact of 60Co γ-Radiation
The p-type/barrier/n-type (pBn) structure reported here was grown by Molecular Beam
Epitaxy (MBE) on a conductive GaSb substrate [95]. This structure is presented schematically in
Figure 28 (a), which indicates carrier concentration and type, number and species of monolayers
(ML) in each SL period (e.g. 10/10 for the absorber region) and thicknesses of each region [96].
The bipolar device structure was chosen for analysis due to its potential for practical industrial
applications. Specifically, the structure is advantageous due to the higher mobility of minority
electrons (relative to holes) in p-type absorber, which dictates faster bipolar IR detector
functionality. The inclusion of a barrier layer has been shown to reduce leakage currents from
generation-recombination at interfaces [97, 98], further, due to its lower charge density as
compared to the absorber layer, the barrier layer accepts most of the local space charge region
[99]. The absorption cutoff wavelength can be estimated to be ~ 5.8 µm for a 10/10 ML ratio
InAs/GaSb T2SLS [9]. Because of its importance to detector quantum efficiency, we focus on the
minority carrier diffusion length within the 5 × 1016 cm-3-doped 4 µm-thick p-InAs/GaSb absorber
(cf. Figure 28 (a)). That the absorber layer is p-type allows for longer potential minority carrier
diffusion lengths due to the lower effective mass of excited electrons.
Two samples cleaved from the same pBn structure were studied in this work. One was
reserved as a control, while the other received a 500 Gy absorbed dose of 60Co gamma irradiation
(Nordion, Inc.) at room temperature in a nitrogen environment. (Determination of the absorbed
dose value in Gray = Joules/kg includes the substrate.) Gamma radiation was used in order to
simulate exposure to a radiation harsh environment. A Ti (5 nm)/Au (50 nm) Ohmic contact was
electron-beam evaporated on the top surface of the structure. The back surface of the samples
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(substrate) was contacted with conductive adhesive. Contacts were applied post irradiation to
prevent the possibility of secondary radiation.
The EBIC measurements were carried out in-situ in a Philips XL-30 SEM. The contacted
sample was mounted on an L-shaped aluminum bracket with grounded bottom contact in the
normal-collector configuration, Figure 28 (b). The SEM beam accelerating voltage was 30 kV,
which gives an electron range Re ~ 4.8 µm for both InAs and GaSb employing the Kanaya-Okayama
approach [28, 100]. The relatively high accelerating voltage can optimize EBIC resolution,
accuracy, and signal-to-noise ratio by increasing probe current. Because the EBIC generation
region extends laterally by only ~ ½ Re (cf. Figure 28 (b)), the ratio Re/L < 4 ensures the data are
not instrument limited [27]. The sample dimension h, which is parallel to the growth plane of the
SL (perpendicular to the growth direction, cf. Figure 28), exceeds 5 mm, which is much larger
than the electron range (h ≫ Re), so that the dimension, h, does not limit the collection of
generated carriers [22].
The electron beam was scanned along a cleaved edge perpendicular to the growth plane
of the layers (cf. Figure 28 (a), (b)) from the top surface to a distance of about 5 µm while
recording the induced current. Observing the carrier densities, we may estimate the depletion
region width to be approximately 0.4 µm, with ~ 150 nm extending into the InAs/GaSb absorber
p- layer [99]. Carriers diffused from the point of origin at a beam-to-junction distance, x, and some
move toward the space-charge region at the n-p InAs/AlSb - InAs/GaSb junction, which separated
the non-equilibrium carriers and swept them for collection. Such cross-sectional line-scans were
performed at various locations on the cleaved edge for temperatures ranging from 77 to 273 K.
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Minority carriers (holes) generated in the n-type region close the n-p interface (see Figure
28 (a), (b)) do not contribute appreciably to the EBIC signal due to their relatively low mobility
(𝜇𝑝 ≪ 𝜇𝑒 ) [101] and the presence of the InAs/AlSb hole-barrier layer blocks hole transport across
the junction [102]. The 1.5 µm thick p+ region below the absorber (cf. Figure 28 (a)) should also
offer minimal interference due to its overall similarity to the 4 µm-thick 10/10 p-InAs/GaSb
absorber layer under test.
The minority electron diffusion length, Le, was extracted using methods described in § 2.4
Electron Beam-Induced Current (EBIC) and described in ref. [34]. Equation (7) is the same
as used by Hanoka for spherical generation volume and small vs [103]. Several EBIC line-scans
were completed at each temperature and the average value and standard deviation for minority
carrier diffusion length were determined.

Figure 29. InAs/GaSb T2SLS control-sample EBIC data and linear fit. For temperatures (o) 77 K and
(•) 273 K using equation (10) employing linearization coefficient, α = 0. After ref. [92].
The experimental dependence of ln(𝐼𝐸 𝑥 −𝛼 ) on x for the control sample is presented for
temperatures 77 and 273 K in Figure 29 for 𝛼 = 0. The straight line, found when 𝛼 = 0, implies
a small value for vs, below ~1000 cm/s [34]. The diffusion length is determined by the negative
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reciprocal of the linear slope. Diffusion length for the control sample was found to increase with
temperature, as shown in Figure 30, from the value 1.08 ± 0.20 µm at 77 K to 2.24 ± 0.31 µm at
273 K.

Figure 30. Temperature dependence of electron diffusion length for InAs/GaSb T2SLS. Control
sample (circles) and 500 Gy gamma-irradiated sample (squares) with exponential fit (solid line)
using equation (11). Inset: Arrhenius plot indicating the corresponding activation energies of 13.1
and 18.6 meV for the non-irradiated and 500 Gy gamma-irradiated samples respectively. After
ref. [92].
The minority carrier diffusion length far exceeds the InAs and GaSb single-material layer
thicknesses of ~2.5 nm, possibly indicative of low boundary scattering. This behavior is similar to
observations in AlGaN/GaN SLs, where the minority carrier diffusion length was also found to
exceed the SL layer thicknesses [104]. This compares with other reports for InAs/GaSb T2SLS
structures, where shortening of diffusion lengths was attributed to interfacial roughness [93,
105]. Figure 30 further presents EBIC results for the 500 Gy gamma-irradiated sample, where the
Le values are twice smaller than for the control sample, and Ea has increased to 18.6 meV. The
decrease in Le is reasonably attributed to scattering by radiation-induced defects.
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The temperature dependence of the minority electron diffusion length is given by
equation (11). The value Ea = 13.1 meV was found from the temperature dependence presented
as an Arrhenius plot in the Figure 30 inset. This value, which is much smaller than usual bandgaps
for mid-wave IR detectors (~ 100 – 400 meV), suggests a thermally activated charge trap or defect
level ~ 13.1 meV below the conduction or above valence band. The increase in Ea to ~ 18.6 meV
after 500 Gy gamma-irradiation is likely due to the appearance of deeper levels for nonequilibrium carrier recombination, as was previously observed for gamma-irradiated AlGaN/GaN
heterostructures [106].

Figure 31. Electron mobility values for InAs/GaSb. Control sample (circles) and 500 Gy gamma
irradiated sample (squares) and the corresponding fit (solid lines) using equations (11) and
assuming τ = 36 ns [32]. After ref. [92].
The minority carrier lifetime, τ, is estimated from the Einstein relation, equation (11). The
lifetime of similar SLS InAs/GaSb structures with ML ratio of 8/8 was determined by TRPL and was
found to depend on carrier concentration, therefore at a concentration of 5 × 10 16 cm-3 we
assume a temperature independent lifetime of τ ~ 36 ns [107]. The minority electron mobility
can thus be estimated by equation (3) and is displayed in Figure 31 along with line of fit. The
electron mobility for n-type T2SLS with ML ratio of 9/9, measured in the SL growth plane (𝜇∥ ) by
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quantitative mobility spectrum analysis, was found ~ 1 × 104 cm2/Vs at 300 K [101]. However, the
anisotropy of minority carrier transport leads to a reduction in electron mobility perpendicular
to the growth plane – by as much as a factor of 10, according to Bürkle et al., where the electron
mobility perpendicular to the growth plane (𝜇⊥ ) of a superlattice structure with InAs/(GaIn)Sb of
ML ratio 8/8 was measured to be ~ 1100 cm2/Vs, though the overall structure is intrinsically
different than this case [93, 94]. Here, the mobility perpendicular to the growth plane for
minority electrons in the non-irradiated p-type T2SLS with ML ratio 10/10 was found to be ~ 55
cm2/Vs at 300 K. The comparatively low value of electron mobility is attributed to possible
differences in layer content, carrier concentration, ML ratio, and interfacial roughness.
For the non-irradiated sample, there is an apparent shift in the trend of the minority
electron mobility near 120 K shown in Figure 31 which is characteristic of this T2SLS structure
[96, 101, 108, 109], where a shift in the majority carrier mobility and density was observed for
InAs/GaSb SLs with 8/8 and 9/9 periodic ML ratios. In those cases, the inflection was attributed
to a shift in the dominant scattering mechanism from impurity scattering at low temperatures to
phonon scattering at high temperatures. For the 500 Gy gamma-irradiated sample, the behavior
of the mobility suggests a transition of the dominant scattering mechanism may occur at ~ 200
K, and is likely due to scattering on radiation induced defects.
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CHAPTER IV – CONCLUDING REMARKS & DISCUSSION

“If I have seen further it is by standing on the shoulders of Giants.”
–Isaac Newton

4.1

Transport properties in β-Ga2O3

Majority carrier n-type Si-doped β-Ga2O3 was investigated for its minority carrier
transport properties including minority carrier diffusion length and excited carrier lifetime.
According to EBIC measurements carried out on Schottky barrier diodes, the magnitude of L was
at or about 350 nm at room temperature and depend on production method, temperature, and,
presumably, defect concentration. The surface recombination velocity impact on EBIC
measurement was minimal for each case. The diffusion length showed a lower variance in the
epitaxially produced samples as compared to the bulk-produced samples, which was attributed
to surface quality. Interestingly, the temperature dependence of the diffusion length showed an
opposite behavior as compared to GaN. Continuous wave CL measurements demonstrated the
primary emission wavelength was approximately 380 nm (3.26 eV) with an 80 nm FWHM and a
defect band at 570 nm (2.18 eV). Observed by TRCL, the excited carrier lifetime of the band at
380 nm was around 200 ps, seemingly in conflict with previous investigations using cathode ray
and light source excitation methods which place minimum τ ~ 20 ns, however, the lifetime
observations generally include a fast and slow component. Furthermore, the sources of
excitation in those previous studies are not described quantitatively enough (i.e. length of pulse,
temporal resolution) to attempt to estimate the reasons for these lifetime variances. The as76

grown trap state thermal activation energy was found to be around 40 meV and was attributed
to H inclusions or native VO defects.

4.1.1 Radiation Impact
The impact of 1.5 MeV electron, and 10 MeV proton irradiation was observed and
quantified by measurement of L and τ. In addition, electron (proton) irradiation was found to
reduce majority carrier electron concentration at a removal rate of 4.9 cm -1 (235 cm-1). This
translated to an impact factor of 50 times for proton to electron impact. The room temperature
values of L and τ decreased monotonically in response to electron and proton irradiation, as well
as the thermal activation energy. In contrast, the asymptotic minority carrier diffusion length
increased monotonically for each radiation applied. The unaltered CL spectra before and after
irradiation suggests that the trap-assisted recombination pathway remains unchanged. For
electron irradiation, the reduction in lifetime suggests that this pathway became more easily
taken. This is confirmed by the simultaneous decrease in thermal activation energy, which
indicates traps are more easily evacuated by thermal influence. For proton irradiation, there was
an increase in excited carrier lifetime. The threshold temperature for diffusion length
prominence of irradiated samples was about 58 °C. The carrier removal rates reveal a radiation
hardness that is on par with GaN [72], and irradiation damage can be curtailed by annealing at
temperatures of about 400 °C [69]. The behavior of the diffusion length with temperature after
radiation damage indicates a material which is suitable for space borne applications.
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4.2

Transport Properties of InAs/GaSb Type-II Strain-Layer Superlattice

The minority electron transport properties were probed by EBIC as a function of
temperature. The diffusion length increased with temperature with an activation energy of 13.1
meV. Electron mobilities were estimated based on the experimentally obtained L values
perpendicular to the growth plane and independent lifetime studies.

4.2.1 Radiation Impact
Gamma irradiation with a modest 500 Gy dose decreased electron diffusion length by
twice and correspondingly increased the thermal activation energy to 18.6 meV. The room
temperature control sample minority electron mobility was found to be ~ 55 cm2/Vs and reduced
to ~ 21 cm2/Vs after 500 Gy gamma irradiation. The increase in activation energy and decrease
in mobility is attributed to radiation-induced scattering centers and deep levels for nonequilibrium carrier recombination.
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APPENDIX B – RELATED ONGOING WORK
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B.1

Temperature Influence on Continuous Wave CL Intensity

The intensity of continuous wave CL emission is being reviewed in accordance with equation (12),
namely:
𝐼𝐶𝐿 (𝑇) =

𝐴

(12)

𝐸
(1 + 𝐵𝑒𝑥𝑝 (− 𝑎 ))
𝑘𝐵 𝑇

This Fermi-Dirac statistical description should reveal the thermal activation energy related to CL
emission intensity thermal quenching. Evidence for this behavior includes two spectra collected
the HVPE reference sample (from the study in § 3.2.5

Impact

of

1.5

MeV

Electron

Irradiation) reveal an intensity reduction on increasing temperature from 80 K to 295 K.

Figure 32. Continuous wave CL spectra temperature comparison for HVPE produced β-Ga2O3. The
spectra are shown for 78 K (blue) and 295 K (red) collected at 10 kV using the Attolight
instrument.
Also, the maximum wavelength (in Figure 32) experienced a red shift from 375 nm at 80 K to 383
nm for 295 K. Crystals grown from 4N grade powder using the Verneuil method and showed an
adherence to equation (12) with an activation energy of 50 meV for the band centered at 2.64
eV (470 nm) using PL [64]. The influence of temperature is apparent and should be characterized.
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B.2

Electromigration of Ni/Au in β-Ga2O3

The application of high reverse-bias voltage to Schottky rectifiers resulted in device inoperability
(electrically open circuit). Reverse-bias voltages of 0, -50 and -70 V were applied to 105 µm
diameter circular Ni/Au films were imaged using the Philips XL-30 SEM at 30 kV. Upon the
application of -70 V bias, the junction electrically failed and was re-imaged. The results are
displayed in Figure 33.

Figure 33. Presumed electromigration in β-Ga2O3 as shown by SEM. Images collected at 30 kV
using the Philips XL-30 for (a) before, (b) during -20 V, (c) -50 V, and (d) after applying dc reversebias of -70 V.
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Evidence of electromigration appeared at -50 V reverse-bias, and can be seen in Figure 33 (c). It
is apparent when comparing the top of the Schottky contact in Figure 33 (a) and (c) that the
electromigration persists along the regions which were noticeably damaged before reverse-bias
application. This occurs because the crystal is mechanically damaged and therefore weaker
against the introduction of metal atoms. The most dramatic observation occurred at -70 V
reverse-bias, when the diode failed. Large sections of the diode surface were missing, shown in
Figure 33 (d), and the change in contrast suggests an alteration in the local electronic property
to become more metallic.
The open circuit measurement has two generally likely origins: (1) that adding metal ions
(barrier materials: Ni 20 nm and Au 80 nm) to β-Ga2O3 induces insulative behavior, or (2) the
aluminum metal wires used for contact bonding alloyed with the gold top part of the Schottky
contact which is a microcircuit failure known as white (Au5Al2) or purple plague (AuAl2)
nicknamed for their apparent color. The first possibility can nearly be discounted by observing
Figure 33 (c), during the -50 V reverse-bias, notice the brightness of the contact wire. The
brightness in SEM image indicates a higher electron count stimulated by the electron beam,
therefore conclude the contact is brighter because the ‘electrical pressure’ is higher for electrons
which are electrically connected. Since the presumably electromigrated areas are brightened in
that image, they are electrically connected – at least after some degree of the effect. The second
possibility is much more likely due to the elemental purity of the materials chosen and the ease
at which Au-Al alloys are formed.
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B.3

Impact of Alpha Irradiation on β-Ga2O3
Studies into the impact of high energy radiations continue with 18 MeV alpha particles.

The I-V characteristics are presented including the ideality factor and current coefficient from
𝐽(𝑇) = 𝐽0 exp (

𝑞𝑉
)
𝜂𝑘𝐵 𝑇

(19)

where η is the ideality factor, q is the fundamental charge and V is the applied voltage. These
factors are presented with their respective sample data for the reference sample, Figure 34, and
the 5 × 1014 cm-2 18 MeV alpha irradiated sample, Figure 35.

Figure 34. I-V characteristics of β-Ga2O3 reference sample as a function of temperature.

Figure 35. I-V characteristics of β-Ga2O3 alpha particle irradiated sample as a function of
temperature.
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APPENDIX C – OPTICAL CONSIDERATIONS
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One must take into account grating efficiency to ensure appropriate interpretation of
results. Dispersion was accomplished by blazed gratings, whose efficiencies are not unity across
the spectrum demanded by the user. There were two gratings used throughout these studies.
Table 5. Dispersion grating parameters by instrument.
Line density (mm-1)

Blazed at (nm)

Blaze angle (°)

Philips XL-30

1200

500

31.0

Attolight

150

500

4.29

Instrument

Grating dispersion can have a variance in unity by polarization due to the nature of diffraction.
For blaze angles less than 5° polarization effects are essentially not present, but strong anomalies
can be found for gratings between 22° and 38°. The efficiency of both gratings is estimated to be
50 % at 300 nm. Due to the low efficiencies of the gratings near 250 nm, an alternate grating was
used (600 lines/mm blazed at 300 nm) to rule out band-to-band recombination in β-Ga2O3
studies.
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